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sis, failure analysis, STEM, SEM, TEM, EDS, WDS, PSA. 


Sales Offices: 
535 E. Gay St., Box 342, West Chester, PA 19380, (215) 436-5400 
230 Forrest St., Metuchen, NJ 08840, (201) 549-9350 
63 Unquowa Rd., Fairfield, CT 06430, (203) 254-0000 
1015 Merrick Road, Copiague, NY 11726, (516) 789-0100 


C. M. TAYLOR CORPORATION 


289 Leota Avenue 
Sunnyvale, CA 94086 


Contact: Dr. Charles M. Taylor, (408) 245-4229 


Product Line: Various types of multi-element standards for microbeam analysis by SEM, 
microprobe, and ion probe using energy, wavelength, and mass spectrometers. The stan- 
dards available exceed 175 different metals, alloys, glasses, compounds, or minerals. 
Bence-Albee standards are available. Also manufactures many types of sample holders, 
polishing jigs, and other types of equipment for sample preparation. Also offers ana- 
lytical services to customers desiring electron-beam microprobe analysis using MAC-5 
instrument. Have full ZAF correction capability for microprobe data, using FRAME B or 
Bence-Albee procedures. 


M. E. TAYLOR ENGINEERING INC. 


11506 Highview Avenue 
Wheaton, MD 20902 


Contact: M. E. (Gene) Taylor, (301) 942-3418 


Product Line: Scintillators for SEMs and microprobes, backscatter and secondary electron 
detectors of the quartz light pipe/scintillator design. Other products include Brimrose 
image intensifiers, ISI filaments and apertures, specimen mounts, adhesive tabs, vacuum 
pump oil, and foreline traps. SEM accessories on display and SEM services at Micro 
Source. 


Sales Offices? 
Agar Aids, 66A Cambridge Rd., Stansted, Essex, England, OM24 8DA 
Science Services, Badstr. 13, 8000 Munchen 70, Federal Republic of Germany 
Micro Source, 620 Hungerford Dr., #12, Rockville, MD 20850, (301) 251-0642 
TRACOR NORTHERN 


2551 West Beltline Highway 
Middleton, WI 53562 


Contact: Jim Aeschbach, (608) 831-6511 


X1V 


Product Line: Wide range of data processing instrumentation for qualitative and quantita- 


tive x-ray analysis. Products include data acquisition, reduction, and automation for 
electron microprobe, SEM, TEM, and STEM. Featuring simultaneous EDS/WDS acquisition/re- 
duction, digital beam control allowing for digital mapping, line scans, and other digital 
image processing. Also particle location, sizing, and elemental characterization. Flexi- 
ble packaging allows instrument to be used also for ELS, Auger, ESCA, SIMS, etc. Other 
products are used in nuclear, optical, signal-averaging, and medical applications. 


Sales Offices: 


345 E. Middlefield Rd., Mountain View, CA 94043, (415) 967-0350 

3040 Holcomb Bridge Rd., Norcross, GA'30071, (404) 449-4165 

Franklin Park Office, 134 Franklin Corner Rd., Lawrenceville, NJ 08648, (609) 896-1114 
Suite 1458, Bldg. A, Miamisburg Centerville Rd., Dayton, OH 45459, (513) 439-3990 
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Failure Analysis in Microelectronics 


AUTOMATED MEASUREMENTS OF INTEGRATED CIRCUIT LINEWIDTHS BY ELECTRON MICROSCOPY 
G. S. Fritz and A. T. Laudate 


Because of the great advances in integrated-circuit (IC) technology in recent years, chips 
have become more densely packed and IC lines have become smaller. At present, most IC 
linewidths are measured by optical systems, the best of which can only measure linewidths 
down to 0.5 um under ideal conditions. As IC lines approach submicron sizes, with the use 
of techniques such as electron-beam lithography, optical systems will no longer be able to 
measure the lines accurately and reproducibly. For these geometries, the shorter wave- 
lengths of the scanning electron microscope (SEM) provide much better precision that op- 
tical systems. 

In designing a linewidth measurement system for the semiconductor industry, the major 
needs are based on precision or reproducibility, accuracy, and high throughput. The rela- 
tive importance of these needs depends on the application: the needs of researchers en- 
gaged in product development are quite different from those of manufacturing facilities. 

In manufacturing, reproducibility has high priority, to insure that a process remains the 
same from one production line to another. High throughput is also of prime concern to 
manufacturing, so provision should be made for the SEM stage to be automatically positioned 
to predefined areas of interest. In the research laboratories, accuracy is the most im- 
portant consideration, since absolute dimensions are important in obtaining a targeted de- 
vice performance. The problem of accurate measurements has not been totally solved, since 
a universally accepted definition of the edge of a line has not been established. A mea- 
surement system should therefore have some method of minimizing this effect. 

The paper describes an automated linewidth measurement system designed, in conjunction 
with the SEM, to meet the coming needs of the IC industry. Both the hardware and software 
of the system are described. 


System Desertptton 


The computer for the system is either an LSI-11/2 or LSI-11/23 (trademarks of Digital 
Equipment Corp.). To meet the need for high throughput, the system includes a full stage 
automation package consisting of axis positioners and stepping motors. Up to 100 stage 
positions (X, Y, and Z) can be indexed relative to a reference position and can then be 
stored on disk for later recall. Once a specific set of stage positions has been recalled 
from disk and the reference position for the present wafer has been indexed, the analysis 
can be started. The stage is automatically moved to each defined position and selected 
IC lines are measured in each field manually or automatically. If a different type of 
stage movement and analysis is required, the operator can write his own simple "schedule" 
of commands to perform the desired type of analysis. This "schedule" may also be stored 
on disk for later recall. For the SEM with a beam blanking device such as a beam deflec- 
tor, the system is equipped with a latch bit that can blank the beam under computer con- 
trol when measurements are not being made, so that beam damage to the wafer is minimized. 

Linewidth measurements are made with a digital scan generator to control the position 
of the electron beam of the SEM and monitor its video signal. The digital scan generator 
consists of a video processor and an X-Y scan controller. The video processor includes an 
8-bit analog-to-digital converter (ADC) capable of dividing the SEM video signal into 256 
distinct gray levels. Multiple samples may be obtained at a single pixel at a rate of 
1 us per sample and summed into a 20-bit accumulative register. In addition, a 12-bit 
digital-to-analog converter (DAC) allows the computer to output a video signal to the SEM 
CRT displays. 


Author Fritz is at Tracor Northern, Inc., 2551 W. Beltline Hwy., Middleton, WI 53562; 
author Ladaute, at JEOL-USA, Inc., 11 Dearborn Road, Peabody, MA 01960. 


The programmable X-Y scan controller consists of two 12-bit DACs for positioning the 
SEM beam and a joystick module. The joystick module is used for selective control of the 
X-Y cursors superimposed on the digital raster. The positions of the cursors can be read 
by the computer and used to index areas to be analyzed. Several utility programs are a- 
vailable that provide control of beam positioning, video signal acquisition, and output 
to the SEM CRT for graphics information. 


Discusston 


The method of analysis used for linewidth measurements consists of acquiring video 
profiles across the IC line of interest either horizontally or vertically. Once acquired, 
the linewidth measurements are made manually by the adjustment of cursors on the video 
profile or by one of several automatic methods. The automatic methods include peak-to- 
peak, minimum-to-minimum, maximum-slopes, peak-percentage, and video-thresholding tech- 
niques. The reason different methods are employed is that one can obtain several types 
of profiles when examining photoresists, aluminized lines, metallic lines, and the same 
lines at different stages of manufacturing. Two of the automatic techniques are illus- 
trated in Fig. 1. Peak-to-peak measurement is shown in Fig. l(a). In the peak percen- 
tage technique the program locates the peaks and then determines the point at which the 
designated peak intensity percentage is found. In Fig. 1(b) a peak percentage of 50% was 
used to determine the edges of the line. 

Several advantages are realized in this method of analysis. First, by using an auto- 
mated process to determine the linewidths, the operator is removed from the decisionmak- 
ing process, so that operator bias is removed and reproducibility is enhanced. Second, 
video profiles (which are acquired digitally, in contrast to analog methods) can be Sig- 
nal averaged at each point for any specified period of time. This procedure improves the 
signal-to-noise ratio and the measurement statistics. Figure 2 illustrates this effect 
of signal averaging. In the profile of Fig. 2(a), 5 video samples were used at each point; 
in Fig. 2(b), 1000 video samples. One could also take multiple scans across the region 
of interest and average the scans together; however, it is difficult to assure that the 
electron beam remains at the same psoition during multiple scans because of sample-beam 
interactions. The system does allow the measurements of multiple scans to be averaged 
and a standard deviation to be obtained, but that is not the same as acquiring several 
scans to obtain one signal-averaged scan and making a measurement on that resultant scan. 

The third advantage of this system is the computer-controlled acquisition of the video 
profiles. The beam is digitally positioned to each point in the scan and allowed to set- 
tle before the actual video signal is acquired. Most SEM scan generators use analog elec- 
tronics, which may produce a nonlinear image at video rates. Systems that employ a marker 
bar or cross hairs on the SEM image, at video rates, to measure the linewidths are partic- 
ularly subject to this nonlinearity. Adjustment of the bar or cross hairs at slow scan 
rates is extremely cumbersome. The nonlinearity of the image at video scan rates is due 
to the response time of the scan coils of the SEM, so that some SEMs may perform better 
than others in this regard. However, it is likely that any SEM will have some nonlinearity 
at video rates. 

A fourth advantage is the ability to minimize the effect of defining the edge of a line 
and also the calibration of the SEM magnification. The system allows the operator to cali- 
brate the scan in both the X and Y directions independently to a known "standard." The 
operator simply measures the "standard" line using the type of automatic measurement that 
will be used on the unknowns and then supplies the comptuer with the "true! value. Using 
this technique, where the standard and unknown are measured in the same manner, one can 
minimize the effect of the question: Where do we define the edge? 

One of the major questions about any linewidth measurement system is, what precision 
and accuracy can be expected? This is not a trivial question, since many factors affect 
precision and accuracy. One is the level of noise on the video profile. A study was per- 
formed in which an 8 um IC line was measured at a magnification of 5400 in the peak-to- 
peak mode. The video profiles for this study were acquired at different levels of signal 
averaging. The relative uncertainty in the video signal at a point in the center of the 
video profile line versus the amount of signal averaging performed is shown in Fig. 3. As 
expected, the uncertainty in the video signal declines as lvn, where n is the number of 
samples averaged in the measurement. The precision of the linewidth measurements versus 


(b) 


FIG 1.--(a) Example of peak-to-peak line- 
width measurement displayed on SEM CRT 
screens: video profile is shown along with 
two vertical lines depicting the peaks as 
determined by the software; (b) peak per- 
centage linewidth measurement: point at 
which intensity is 50% of peak is defined 
as edge of line. 


(b) 


FIG. 2--(a) Video profile across IC line 
in which 5 video samples at each point in 
profile were used to determine average video 
Signal: line measured with a peak percen- 

tage analysis set as 50% of peak; (b) pro- 
file across same line with 1000 video sam- 

ples: 


Relative Uncertainty in Video Signal 


TABLE 1.--Correlation of video 
40 uncertainty in linewidth measure- 
ment of 8 um line 


30 


No. of Relative Uncertainty 


: Video Uncertainty in Linewidth 
29 Samples of Video Measurement 
10 3 — 

: 500 4% .008 m 
. 100 8% -015) om 
50 11% .019 m 
0 50 100 200 300 400 500 10 22% .035 m 
No. of Video Samples 5 30% 051 m 
2 39% .102 m 


FIG. 3~-Relationship of uncertainty of video signal at 
the center of 8 um IC line with amount of signal aver- 
aging performed. 


the amount of signal averaging and thus the level of noise on the signal is shown in Table 
1. The uncertainty in the video level evidently affects the uncertainty of the measurement. 
With a relative video uncertainty of 4% we were able to obtain linewidth measurements with 
an uncertainty of 0.008 um. 

Among other factors that affect the precision and accuracy of the measurements, the 
effect of the dynamic range of the video profile and the rate of change in the video signal 
at the edge of the line must be examined if one is to obtain a better understanding of what 
precision and accuracy can be expected under differing conditions. 


Summary 


A computer-based system has been described that measures IC linewidths automatically by 
use of video profiles. The system includes a package to allow fast registration of wafers 
to selected areas of analysis. 

Although electron microscopes are not widely used for the measurement of linewidths, 
this application will become increasingly more important as the lines of ICs become smaller 
and optical means can no longer provide the precision and accuracy necessary. 
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COMPOSITION OF ALUMINUM STRINGERS IN VLSI 
C. M. Ward, R. R. Olson, R. Brewer, and S. G. Johnson 


Metallization systems for advanced VLSI (very large scale integration) continue to receive 
a great deal of scrutiny. The interconnects must meet stringent dimensional, physical, 
and metallurgical requirements. Once the system is developed, the technique must be 
adapted into a fabrication process that meets very high standards for quality and relia- 
bility. As line widths and pitches have grown smaller, many minor problems have become 
major. One is the problem of metallization stringers; that is, small, hard-to-etch metal 
residue that runs parallel to steps on the wafer surface. These stringers are left after 
dry metallization etch processes and can short out adjacent metal lines. 

Etch processes must be anisotropic to prevent undercutting the aluminum beneath the 
resist. Organic resists have been successfully combined with plasma etching in efforts to 
achieve an anisotropic etching process, but they can leave stringers. Various experiments 
have been reported in which good anisotropic etches have been obtained by use of standard 
photoresists, but it has proved difficult to achieve anisotropy with nonorganic masks 
such as SiO» and Si3Ny.? Models of the stringer phenomenon have been proposed, but few 
direct measurements of their composition have been made to check the models. This study 
is aimed at analyzing stringers as they form to obtain a better understanding of the 
process. 


Before Etch After Etch 


Experimental 


The test structure for this 
investigation is a standard metal- 
lization pitch pattern, which gives 
- an array of contact grooves over- 

= lain with aluminum. The base 
| S102 | S105 wafers have start oxidation and 
— | eee | are then overlaid with 1 um of 6% 
rely. &! low-pressure CVD phosphosilicate 
glass. The glass is patterned to 
form the grooves and then 1 um of 
aluminum (1% silicon) is sputter 
deposited at low temperature. A 
standard organic resist is used to 
Cleave Wafer Here Pt ae oan Osn delineate the lines and etching is 
eras done in a D&W etcher with CCl,. 

Samples were removed and eval- 
Oxide Covered uated at every step of the process 
from metallization to passivation. 
Analysis was performed on a PHI 
Model 600 high-resolution scanning 
Auger microprobe. The extensive 
sample manipulation capability and 
SEM resolution permit a full anal- 
ysis to be performed in the same 

system. This procedure eliminated 
‘ problems due to contamination and 
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FIG. 1.--Schematic Top View 


drawing showing step 
geometry and location 
of stringers. 
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—— Stringer 
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Drive, Eden Prairie, MN 55344. They wish to thank D. F. Paul and C. T. Hovland for their 
support. (Please direct inquiries to R. R. Olson.) 


area relocalization. Figure 1 is a representation of stringers. All analyses were done 
at the same array location. 


Results 


Figures 2 and 3 are typical areas at the end of processing. The stringers can be 
clearly seen and exhibit their most interesting property of not being on the wall but below 
the original location of the outer surface of the aluminum. In some cases a web of mate- 
rial is visible all the way back to the glass. Auger spectra taken from the top of the 
array show the stringers to be high in oxygen and carbon and show a strong aluminum oxide 
structure. 

Figure 4 shows a Similar area after metal deposition, resist application, exposure, 
and developing, but before etching. The aluminum has an oxide structure and shows a small 
amount of carbon. Depth profiles comparing the top of the metal-covered oxide finger and 
bottom of the trough between the fingers on the array indicate carbon less than 25 A thick 
and an oxide layer about 50 A thick. The layer is slightly thicker in the bottom of the 
trough. 

Figure 5 shows the aluminum immediately after the oxide clear step in the reactor. 
Islands of uncleared oxide are apparent. An Auger spectrum shows a substantial increase 
in carbon along with chlorine and fluorine. The fluorine is unexpected and probably re- 
sults from a leak in one of the reactor valves. Auger images of oxygen and aluminum oxide 
delineate the edges of the grooves (Figs. 6 and 7); carbon shows a relatively uniform 
distribution. Chlorine and fluorine are completely uniformly distributed. Depth profiles 
at the top and bottoms’ of the grooves indicate that carbon is now 25-50 A thick, whereas 
the oxide remains between 50-75 A thick. 

The sample was then fractured through one of the grooves to expose the side wall 
(Fig. 8). Large unetched areas are visible on the side walls. Spectra were taken at five 
points (Figs. 9-14). Point 1 is on the aluminum that was exposed by the cleave going 
through the edge of the side wall. The next points are on the bottom of the groove, in 
the notch at the bottom of the side wall, on the side wall, and on top. The side walls 
show the highest oxygen. A small amount of contamination is also noted in the notch. 
Oxygen and carbon maps verify that the unetched areas are oxidized aluminum with some 
carbon. Depth profiles on the side wall show carbon to be 25 A thick with oxygen now at 
100 A. 

At 6 min into the etch cycle the aluminum is near clearing. A cross section at this 
point shows the stringers to be clearly forming (Fig. 15). Surveys and depth profiles 
show the side-wall composition to be unchanged with a thin carbon layer and 100 A of oxide. 
Maps of oxygen and aluminum oxide taken at a view normal to the surface show that the 
highest concentrations are at the forming stringers. 


Ditscusston 


This analysis of the stages of dry plasma etching shows that the oxidized aluminum 
noted in the final stringers is not an artifact of the exposure of thin aluminum to air 
but represents the real cause of the problem. As deposited, the aluminum has a native 
oxide and a thin layer of carbon. During the etching process carbon is deposited on side 
walls as well as the surface. But more important, the native oxide is not removed from 
the vertically oriented side walls. 

In the plasma etcher, positively charged ions impinge on the wafer with their momentum 
directed normal to the surface of the wafer. The vertically oriented side wall, which is 
not subject to the energetic ion flux, exhibits a lower etching rate when it is covered 
with a thin oxide. On the horizontal surface the oxidation is removed and etching proceeds 
anisotropically, eventually going behind the vertical oxide wall and leaving a stringer. 

Oda and Hirata proposed that carbon deposited on side walls, which they saw as films 
in the SEM, explained the anisotropic behavior of plasma-etched Al.! Sato and Nakamura 
investigated this further and concurred.* They noted that positive ions in the plasma are 
directed vertical to the surface and propose that these ions break up the polymer films on 
the surface, permitting Cl radicals to continue the attack on the surface but not on the 
side walls. Zarowin emphasizes that the degree of anisotropy of a plasma etching process 
is dominated more by the ire trons Ti by: of ion transport from the plasma to the wafer 
surface than by passivation effects. 
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FIG. 8.--SEM image of edge of cleaved 
wafer. 


showing locations 


FIG. 9.--Higher magnification SEM image of area in center of Fig. 8, 
of point AES analysis. 

This study shows that not only is carbon deposited but the side-wall native oxide is 
not etched as rapidly in the etch initialization step leading to the appearance of string- 
ers. Clearly the challenge of creating small configurations without stringers must involve 
elimination of the native oxides with an isotropic etch prior to the regular cycle. 
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FIG. 14.--Auger spectrum of selected point 


shown on Fig. 9. 


FIG. 15.--SEM image of cleaved wafer 
which was removed from plasma-etching 


system at 6 min into etch cycle. (Note 
forming stringers.) 
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VOLTAGE MEASUREMENTS OF HIGH VOLTAGE TRANSISTORS USING AUGER ELECTRON SPECTROSCOPY 
R. B. Bolon, M. D. McConnell, D. W. Tong, and D. M. Taylor 


Measurements of the shift in energy of Auger lines due to local potentials has been found 
to be the preferred method for measuring the voltage profiles across reverse-biased junc- 
tions in high-voltage transistors with passivated coatings. 

Scanning electron microscopy is a widely used alternative to fine metal contact probes 
for characterizing voltages on integrated circuits and other semiconductor devices. The 
advantages are superior spatial resolution and the ability to distinguish voltage differ- 
ences beneath surface passivating films,!>2 provided of course that the beam has sufficient 
energy to penetrate the film. The effect of local voltages on a sample are generally 
observed as variations in SEM image contrast. The mechanisms for this are described by 
Wells °and include shifts and distortions of the emitted electron spectrum as well as 
deflections in their trajectories caused by field gradients above the sample. The combined 
result is a change in the number of electrons collected by the secondary-electron detector. 
A more quantitative measure can be obtained by energy analysis of these emitted electrons. 

In the early days of the development of Auger electron spectroscopy, attempts were made 
to augment the capabilities of the SEM by adding electron energy analyzers. MacDonald° 
found that all samples showed essentially only carbon, a consequence of 011 contamination 
in the poor SEM vacuum. He then proposed that relative voltages could be determined by a 
measurement of the shift in the carbon Auger peak, which would be equal to the applied 
voltage. Unfortunately even the best cylindrical mirror analyzers (CMA) have an energy 
resolution of only 1 eV or more, which is inadequate to determine voltage gradients through 
active regions on discrete low-voltage devices. Instead, most current workers use the 
voltage shift observed in the low-energy secondary-electron peak. Although voltage differ- 
ences of the order of 100 mV are claimed, there are complications due to spectral changes 
caused by surface topography, compositional differences, and charging of portions of the 
sample as well as various components within the specimen chamber. 

In the case of high-voltage devices, the field gradients are so great that the secon- 
dary electron peak either cannot be detected or is so badly distorted that it cannot be 
used. Fortunately the Auger peaks such as oxygen KLL at 508 eV, are sufficiently energetic 
that they can be used with local potentials of over 700 V. In this range, the 1 or 2eV 
resolution of the detector is more than adequate to describe the corresponding gradients. 
By measuring the shift in selected Auger lines of elements in the surface of high voltage 
transistors, we were able to map out the surface potential distribution under reverse-bias 
conditions. Furthermore, it was demonstrated that measurements could be made through 
surface passivation layers, provided that the beam had sufficient energy to penetrate the 
coating completely and render it conductive through ionization. 

In this current study we have applied this technique to 1kV high-voltage NPN power 
transistors. Such devices require special design and construction to avoid local voltage 
gradients sufficient to initiate breakdown. Highly doped field spreading rings around the 
base region are used to control the gradient. The base collector junction is passivated 
with layers of semi-insulating polycrystalline silicon (SIPOS) and silicon nitride. Until 
now, due to the small dimensions and necessary passivating top layer, there has been no 
suitable experimental method for actually measuring these profiles. Instead, investigators 
have relied on computer models to predict them. A primary goal of this study was to test 
the accuracy of the computer model predictions. 

Authors Bolon, McConnell, and Tong are with General Electric Corporate Research and 
Development, Kl, GE R&D Center, Schenectady, NY 12303. Author Taylor is with the School 
of Electronics Engineering Science, University College of North Wales, Bognor, Gwynedd, 
Great Britain LL57 1UT. 
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FIG. 1.--Cross-section diagram of base- FIG. 2.--Experimental and computed surface 
collector junction. potential. 
Method 


The measurements were carried out in a PHI 590 SAM. The transistors were isolated 
from the sample stage with a simple insulating holder and the active elements of the pas- 
sivated Si 1kV NPN power transistor wired to existing BNC connectors for power. Figure 1 
illustrates the device structure in the high-field base-collector region where measurements 
were made under reverse bias. Two p+ field spreading rings are adjacent to the base region 
and the device passivated with a 2000A nitride layer over a 4500A SIPOS layer. 

The instrument was operated with a beam energy of 8 kV. Various voltages up to -1000 V 
were applied to the PN base collector junction with one side (generally the collector) 
grounded. Data were then collected with the oxygen KLL Auger electrons. (Oxygen was a 
contaminant on the nitride coating.) Two methods were used. The first was to position 
the beam point by point through the junction region and then read the energy of the shifted 
Auger peak. However, this method tended to be tedious, so the scanning capabilities were 
also utilized. In this mode the analyzer would be set to a given energy above an isolated 
peak. Whenever the local potential shifted the peak into the window, -the resulting signal 
would be recorded on the image. The result was an equal potential map for that energy. 

The actual surface potential is simply this value minus the value of the Auger line. By 
periodic adjustment of the analyzer during a scan, several bands of equipotential lines 
could be displayed on a single image. 


Results and Diseusston 


Figure 2 shows a comparison of a computer calculated surface potential to experimental 
data collected with a reverse bias of -700 V applied to the base-collector junction. The 
agreement between data and theory is sufficiently good to establish the validity of the 
model. Details of the computer program and model will be published elsewhere. 

The accuracy of the experimental data was checked by measurement of the potential on 
the metallized contact against a calibrated power supply. This procedure established the 
accuracy at several volts, which was comparable to the width of the analyzer window used. 
Based on previous work,!,* it is believed that the voltage drop through the nitride layer 
is negligible, a finding that is further supported by the good agreement between the 
experimental data and theoretical calculations. Spatial resolution was of the order of 
2 um as judged in the imaging mode. 

Figure 3(a) is a secondary-electron image of the region between the base and the 
collector. Figure 3(b) is the corresponding equipotential map obtained when the analyzer 
was periodically adjusted by predetermined amounts during the course of a scan, which 
resulted in the offset or stepped appearance of the image. The actual surface potential 
is the indicated analyzer value minus the oxygen Auger energy of 508 eV. 
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IN SITU ELEMENTAL AND MINERALOGIC ANALYSIS OF PEAT BY SEM AND PETROGRAPHIC TECHNIQUES 
Robert Raymond Jr. and Sharon Bardin 


A major problem with scanning electron microscope (SEM) analysis of elemental and minera- 
logical components of peats has been to identify the botanical constituents containing or 
associated with the substances being measured. Observations of these relationships can 
be an important first step in understanding the distribution, genesis, and diagenesis of 
mineral matter and elements in peat. Both freeze-drying and critical point drying tech- 
niques have produced nondessicated peat specimens suitable for SEM analysis. However, 
neither method allows one to identify the altered, decomposed plant materials that make 
up the bulk of most peats. Combining methods for producing oriented microtome sections 
of peat with those for critical point drying has resulted in a technique that allows one 
not only to carry out SEM analyses, but also to identify the botanical affinities of the 
associated plant materials. 


Sample Preparatton 


The method for preparation of oriented microtome peat sections for petrographic anal- 
ysis is from Cohen,! and is a modification of techniques Johansen developed for plant 
studies.* In brief, an oriented sample of peat is sealed in a 2cm°® box made from 100-mesh 
(150 um opening) copper screen. The sample is then "fixed'' in a solution of alcohol, 
formaldehyde, acetic acid, and water. Next, the sample is gradually dehydrated in a series 
of ethanol and tertiary butyl alcohol solutions. In a vacuum oven, the dehydrated sample 
is impregnated with molten paraffin and later removed from the oven and allowed to cool. 
After the paraffin hardens, the copper box is removed and the impregnated cube is mounted 
with specific orientation on a wooden block for microtome sectioning. A 15ym-thick slice 
is cut with a sliding microtome and mounted on a 25 x 75mm glass slide with Haupt's adhe- 
sive. Xylene is used to dissolve the paraffin from the mounted peat thin section, and 
before the xylene can evaporate, a permanent slide is made by securing a cover glass to 
the microscope slide with Canada balsam. 

The preparation of peat thin sections for SEM analysis is similar to that above except 
that a 25um-thick section is cut, and,after dissolution of paraffin with xylene, the wet 
slide is immediately placed in a critical point dryer and immersed in liquid CO). The 
25um section of peat allows minerals greater than 15 um in diameter (e.g., large pyrite 
framboids) to remain in the peat section following microtoming. Placing the xylene-satur- 
ated sample in the critical point dryer insures that dessication features will not develop 
as a result of the xylene evaporating. Some authors, such as Hayat,? suggest an inter- 
mediate bath of pure acetone between the xylene baths and the critical point drying. This 
stage 1s recommended because of the total miscibility of acetone in liquid CO. This inter- 
mediate bath has not been used for the samples shown in this text, but this step will be 
tested in future preparations. We follow critical point drying procedures as suggested by 
Ladd, * the manufacturer of our instrument. Following critical point drying, the samples 
are immediately coated with approximately 200 A of gold palladium. 

Petrographic and SEM sections can be made independently of each other. However, in 
order to improve correlation between the two, it is preferable to cut serial sections of 
15 and 25 um thicknesses from the paraffin-embedded block, and mount the thinner section 
for light microscopy and the thicker adjacent section for SEM. 


Analytteal Results 


The photomicrographs of petrographic sections that follow are shown in black and white, 


The authors are with the Earth and Space Sciences Division, Los Alamos National Labora- 
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FIGS. 1-3.--Backscattered SEM (Figs. la, 


1b, 2b, 3b) photomicrographs of adjacent serial sections of peat samples cut with sliding 


microtome. Success of serial Sectioning is evident in these figures. (Scale bar is in 
microns. ) 


2a, 3a) and transmitted~light, petrographic (Figs. 


16 


FIGS. 4-9.--Backscattered SEM (Figs. 4, 5, 6, 8, 9) and transmitted-light, petrographic 
(Fig. 7) photomicrographs of peat samples. Note occurrence of mineral matter incorporated 


in organic material of peat, and structural integrity of samples following microtome sec- 
tioning. (Scale bar is in microns.) 
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which removes many distinguishing color features of plant components used by the peat 
petrographer during microscopic analysis. Nevertheless, it is still possible to demon- 
strate the advantages of this technique by comparing these photomicrographs with those 
taken with the SEM. 

Figure l(a) is a SEM photomicrograph covering nearly the same area as seen in the 
petrographic photomicrograph shown in Fig. 1({b). As is evident, there is no problem in 
identifying the same features in both figures. Figures 2(a}) and 2(b) show a transverse 
section across a plant root as it appears both in the SEM and in the petrographic micro- 
scope. The open area around the root may be an artifact of sampling or of the petrographic 
thin-sectioning technique. Note the occurrence in both images of a cell filling in the 
upper right-hand corner of the root. This feature, along with those in Figs. 3(a) and 3(b) 
indicate the success of the serial sectioning. Portions of Fig. 3(a) are magnified in 
Figs. 4 and 5 to illustrate minerals incorporated in organic material of the peat. Energy- 
dispersive x-ray analysis shows these minerals to be potassium-aluminum-silicates (possibly 
feldspar) and titanium-iron-oxide (possibly illmenite). Other minerals present in Fig. 4 
are small pieces of silica, one of which is a fragment of a sponge spicule. 

Figures 6 and 7 show the relationships between pyrite and plant components. The SEM 
photomicrograph (Fig. 6) reveals the detailed relationships of single crystals of pyrite, 
framboids of pyrite, and plant materials. In the light photomicrograph, at lower magnifi- 
cation (Fig. 7), the pyrite particles appear only as black areas whose detailed relation- 
ships to surrounding plant components are not well defined. 

In Fig. 8 a well-preserved cross section of a root demonstrates that the critical 
point drying technique allows its hollow cells to be preserved with a minimum of shriveling 
or collapse. If any mineral matter had been present as infillings of the cells, it would 
have been easily observable. For example, in Fig. 9 very thin layers of a potassium-alu- 
minum-silicate mineral (most likely a clay) are shown as a partial filling of a cellular 
structure similar to that shown in Fig. 8. 


Diseusston 


The method for making oriented microtome sections of peats for light microscopic ob- 
servations has previously been described by Cohen.! The technique of critical-point drying 
of botanical specimens for SEM analysis is a common biological procedure. Thus the tech- 
nique we are suggesting is not a new development in specimen analysis of botanical materi- 
als. Rather, it is (to our knowledge) the first time that anyone has combined these two 
techniques for study of serial sections of oriented pieces of peat. Combining these 
techniques has the potential to yield information that was previously unobtainable by 
using either technique alone. 
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OCCURRENCE OF DETRITAL MINERAL MATTER IN QKEFENOKEE PEATS 
M. J. Andrejko and Robert Raymond Jr. 


Peat, the precursor of coal, is predominantly composed of partially decomposed plant debris 
along with varying amounts of inorganic material. This inorganic matter (often referred to 
as "ash") consists of a mixture of distinct mineral species and ionically bound or com- 
plexed inorganic compounds. The composition of this inorganic fraction is controlled by 

a variety of botanical and depositional environments and processes. The peats used in 

this study are from the Okefenokee Swamp, a low-sulfur, exclusively fresh-water analog of 
an ancient coal-forming environment. Unlike other peat deposits, the inorganic fraction 

of Okefenokee peats is primarily composed of silica, most of which consists of biologically 
derived, authigenic particles.! However, the peats do contain nonbiogenic mineral particles 
of both a silica and nonsilica composition. Our purpose was to determine grain textures 
and elemental compositions of the nonbiogenic particles through use of scanning electron 
microscopy (SEM) and energy-dispersive x-ray (EDX) analysis. Analytical results indicate 
that many of these mineral particles are detrital in origin. 


Methods of Analysts 


Peat samples were collected using a piston coring device developed by Cohen and Spack- 
man.* The cores (7.5 centimeters in diameter) were taken in sections 120 centimeters in 
length from two major peat-forming environments. These consisted of a marsh habitat lo- 
cated in Grand Prairie and a swamp-forest environment located near Minnie's Lake. At each 
site, the cores were sealed within aluminum coring tubes to await transportation to the 
laboratory. 

At the laboratory, the cores were cut open and separated into halves. After initial 
descriptions of macroscopic features were completed, the material inside the cores was 
sampled at intervals of 7.5 centimeters. One half of each sample was used for ash and 
mineralogical determination. Samples were placed in glazed porcelain crucibles (which 
- were pre-fired and pre-weighed) and oven dried at 105°C for 16 hours. After moisture 
content was determined, the crucibles were placed in a temperature-regulated muffle fur- 
nace and ashed at 550°C for 16 hours to determine total ash content. The ashed material 
was digested in dilute HCl and filtered through ashless filter paper. Each filter paper 
was placed into the corresponding original crucible and ashed again at 550°C for 1 hour. 
The resultant residue was retained for analysis. The basal mineral sediments were also 
ashed and acidified prior to being processed for grain size analysis. The sand and silt 
size fractions were examined separately. 

Each ash residue from the above process was split into equal sub-samples. One sub- 
sample was dispersed on an aluminum stub, sputtered-coated with gold palladium and exam- 
ined with an IST Model DS-130 scanning electron microscope. Qualitative elemental compo- 
sition of the mineral particles within the inorganic residue was determined by use of a 
Kevex energy-dispersive x-ray analysis unit attached to the SEM. 


Results 


Identification of mineral forms in the residue was based on observed elemental ratios 
and grain morphologies. Tentative identifications were then compared to mineral suites 
known to occur within the surface sediments of the Georgia Costal Plain. ? 

Author Andrejko is affiliated with the Department of Geology, University of South 
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Laas is 

FIGS. 1-6.--SEM photomicrographs and respective energy dispersive spectra for detrital 
minerals from the Okefenokee Swamp. Particles in Figs. 1 and 2 are from a marsh peat from 
Grand Prairie. Particles in Figs. 3-6 are from mineral sediments at the base of the 
Minnie's Lake core. Presumed mineralogies of the particles shown in the figures are: 

(1) quartz; (2) amphibole; (3) rutile or leucoxene; (4) kyanite or sillimanite; (5) illite 
(clay mica); and (6) feldspar. 


Figure l(a) illustrates a residue from the marsh peat sampled in Grand Prairie. The 
majority of the background particles are biogenically derived siliceous sponge spicules. 
The large grain exhibiting frosted texture is composed exclusively of silicon oxide 
(Fig. 1b), probably in the form of quartz or chert. Occasionally other silicates were 
present within peat samples (Fig. 2a). Crystal structure and elemental ratios (Fig. 2b) 
suggest that this grain is an amphibole. However, nonsilica mineral grains formed an 
extremely small proportion of the nonbiogenic mineral matter within the peat. 

Within the mineral sediments at the base of the Minnie's Lake core, nonsilica mineral 
matter constituted a relatively higher proportion than within the overlying peat. Obser- 
vations indicated a greater abundance of these nonsilica particles in the silt size frac- 
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tion than within sand-sized material. Most of the basal materials exhibited weathered 
surface textures. Examples of weathered, nonsilica particles from the basal mineral sedi- 
ment can be seen in Figs. 3-6. Figures 3(a) and (b) show a subrounded titanium oxide 
mineral, possibly rutile or leucoxene (a weathering product of illmenite). Examples of 
Silicate particles included an aluminum silicate (Figs. 4 a,b) possibly kyanite or sil- 
limanite, and potassium aluminum silicates, possibly illite (clay mica) (Figs. 5 a,b), and 
K-feldspar (Figs. 6 a,b). 


Diseussion and Conclustons 


There has long been a controversy regarding the origin of mineral matter in coals. 
Some researchers, such as Cecil,‘ have advocated an authigenic origin for most minerals. 
Others, such as Finkelman,° felt that although some minerals might have been authigenic in 
nature, there was strong evidence for substantial detrital input into the original coal- 
forming environment. Finkelman also felt that some minerals that might be considered by 
some as authigenic were actually diagentic alterations of detrital material. However, such 
views are somewhat premature without detailed examination of the original minerals that 
occur within a modern coal-forming environment. In peat deposits, where there are consid- 
erable influxes of fluvial or marine mineral-rich sediments, it is rather easy to identify 
various mineral components by x-ray diffraction (XRD). However, in environments such as 
the Okefenokee where the occurrence of nonsilica minerals is rare, these minerals have 
been somewhat ignored owing to their small sample populations. However, by separating out 
(and thus concentrating) the inorganic residues from the peat, one can use SEM and ED 
analysis to determine genesis of particles. Some of the mineral particles (e.g., Figs. la, 
3a, and 4a) exhibited weathered textures possibly due to transportation by wind or water. 
In addition, the elemental composition in conjunction with the crystal forms of some of 
the grains (e.g., Figs. 2 and 3) are not compatible with an authigenic origin. 
An advantage to EDX analysis in conjunction with SEM is that it permits nondestructive 
and simultaneous mineral determinations to be made while engaged in other SEM work. Such 
collaborative work has included identification and description of siliceous biogenic struc- 
tures (e.g., diatoms, phytoliths, and sponge spicules).! The end result is that a more 
effective procedure, than for example XRD, is available for determining the mineralogy and 
geochemistry of minute individual particles in peat. In addition, SEM with EDX analysis 
allows for better documentation of the possible diagenetic alterations of residual minerals 
during peatification. This procedure permits greater insight into the development and 
conceptualization of more realistic depositional and geochemical models regarding the ori- 
gin of mineral matter in coal. Subsequent refinements have demonstrated the versatility 
of the technique in that it can also be used for in situ studies of the mineral particles 
within thin-sections of peat. ® 
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SPECIMEN PREPARATION AND SIZING BY IMAGE ANALYSIS OF RESPIRABLE QUARTZ PARTICLES COLLECTED 
ON COAL MINE AIR-MONITORING FILTERS 


J. G. Snyder and C. W. Huggins 


Several quartz standards and respirable coal mine dust samples containing significant 
amounts of quartz were used to develop a method of quartz particle-size determination 
by image analysis. Data on the quartz particle size are crucial for the accurate deter- 
mination of quartz (the cause of "silicosis") in respirable coal mine dusts collected on 
air-monitoring filters by the Mining Safety and Health Administration (MSHA). In the 
respirable dust range (< 10 um diameter), particle size can significantly affect the re- 
sponse of x-ray diffraction (XRD) and infrared spectroscopy (IR), the techniques used at 
present by MSHA to determine quartz content on filters for enforcement purposes. To ob- 
tain accurate results, the particle-size distribution of the quartz reference standard 
must be similar to that of the mine samples. Joint studies by the Bureau of Mines and 
MSHA show that inaccuracy in quantitative quartz values may be as much as 30% when the part- 
icle size of the ground quartz standard does not match that of the sample. Results are 
biased because factors that affect x-ray peak intensity (absorption, x-ray scattering, part- 
icle orientation) are all particle-size dependent.!** Similarly, measurements by IR are 
susceptible to variation with particle size. In the case of quartz particles in the respir- 
able range, scattering reflection and retardation all increase with particle size. 394 

In this study, three pure ground quartz materials were chosen for particle-size distrib- 
ution measurements: Minusil -5, Minusil -10, and Silver Bond B. Size distributions for the 
quartz standards were first determined mannually by a Philips EM 100-B transmission elec- 
tron microscope (TEM) as a basis for verification of the results from image analysis. 
Next, a specimen preparation technique was developed for image analysis. Particle-size 
analysis was done with a Cambridge Mark II scanning electron microscope (SEM) interfaced 
with a Tracor Northern 1310 image analyzer (IA) and a Tracor Northern 880 energy-disper- 
sive x-ray spectrometer (EDS). 


Specimen Preparatton for Image Analysts 


Methods of specimen preparation for maximum dispersion of particles for SEM analysis 
have been published. In techniques that involve the production of pellets of particulate 
sample imbedded in resin,® such as barium methacrylate resin,°®’’ the specimens are pol- 
ished to a flat surface and coated with carbon. Such techniques may allow the production 
of a uniform dispersion of particles, but because a flat surface is produced by polishing, 
particles are sliced randomly. Erroneous size distributions may result since particle 
diameters may not be truly represented. Techniques involving deposition such as centri- 
fugation,” atomization by means of a spray mounter, and sprinkling powder onto double- 
stick tape may be inappropriate for size distribution studies because they may result in 
deposits that are not uniform. Chatfield and Dillon’ outlined some aspects of filtration 
for specimen preparation of liquid, air, and bulk particulate samples with special refer- 
ence to asbestos. Specifically, they mention the use of Nuclepore filters, which provide 
a relatively smooth, featureless, and continuous substrate for SEM analysis. 

Specimens for the respirable coal dust study were prepared with Nuclepore filters in 
the following manner. We prepared quartz standards by weighing out 3mg portions of Min- 
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usil -5, Minusil -10, or Silver Bond B and suspending the quartz in 200 ml of isopropanol 
at 24°C to obtain a concentration of 15 ug/ml. In connnection with centrifugation exper- 
iments,'° isopropanol has been determined to be an excellent dispering medium that mini- 
mizes agglomeration of particles. The suspensions were agitated ultrasonically at 80 kHz 
for 10 min to obtain complete dispersion, and cooled in an ice bath to 24°C to insure con- 
sistent volume in the liquid. An optimum mass loading of 5 ug/em* for image analysis has 
been suggested to obtain the largest number of particles with minimum particle agglomera- 
tion.!! To obtain this mass loading, 2 and 4ml aliquots of suspension were diluted with 
50 ml of isopropanol and ultrasonified and filtered through 0.2um pore size Nuclepore fil- 
ters, which resulted in deposits of 30 and 60 ug of quartz over a filter area of about 10.5 
cm2. Filter deposits of 30 ug were suitable for Minusil -5 and -10; however, a deposit of 
60 ug was preferred for Silver Bond B, because its larger mean particle size yielded fewer 
particles per unit mass. In addition to providing a smooth substrate, 0.2ug pore openings 
in the Nuclepore filters minimize the loss of the very small particles present in samples. 

Coal mine dust samples obtained from MSHA were collected on Bendix and MSA filters. 
Because the collection filters are too rough for direct analysis by image analysis, the 
samples were prepared by the low-temperature ashing of a small part of each collection 
filter. This process removes the organic-based filter and coal material. The ashed dusts 
were then suspended in isopropanol, ultrasonified at 80 kHz for 10 min, and redeposited on 
Nuclepore filters as above. 

Squares approximately 1.5 x 1.5 cm were cut from each filter and attached to smooth 
SEM stubs, with carbon paint used as an adhesive. Latex spheres 1.0999 um in diameter 
were placed next to the sample on each SEM stub for magnification calibration. These sam- 
ples were gold-coated in a sputter-coater prior to analysis. 


Image Analysts 


The SEM was operated at an accelerating voltage of 20 kV. The image analyzer utilizes 
gray-level differences in the video signal (Fig. la) to determine whether the electron beam 
is on a particle and to calculate particle size.’* To facilitate image analysis, the back- 
scattered electron mode (BSE) of the SEM is used to provide the best contrast between par- 
ticles and filter substrate. The contrast "threshold" level is set just above background 
to insure that all particles are located. Once the image analyzer has located a particle, 
it determines particle size by deflecting the electron beam in a series of horizontal, ver- 
tical, and diagonal movements (Fig. lb}. A minimum size of 0.3 um was chosen for particle 
analysis to eliminate the possiblity of the beam dwelling on slightly charged 0.2um pore 
openings of the Nuclepore filter substrate. The off-point density, or the number of off- 
particle picture points per SEM CRT testline, was set at 100 for the 10cm CRT. The on- 
point density, or the number of on-particle picture points per 10 cm CRT testline, was set 
at 500. After a feature has been located, an x-ray spectrum is acquired at its geometric 
center. SEM specimen tilt of 15° was used to allow collection of x rays while minimizing 
image distortion. In this study,a suitable spectral acquisition time was 3 s. 

The analysis was performed at 2100 on every fifth field of view. A minimum of 200 
particles for the quartz standards and 100 particles for the coal mine dust samples were 
measured. Particles have been categorized by their x-ray spectra into two groups: "Quartz" 
(Si only) and "All types,'' which may include in addition to quartz clay minerals, carbonates, 
or ash present in the dust samples. The two groups were distinguished by the setting of win- 
dows in the EDS multichannel analyzer for the detection of the elements commonly present 
in respirable coal mine minerals, including Na, Mg, Al, Si, K, Ca, and Fe. 


Results and Discusston 


Valtdatton. Prior to image analysis, quartz standards were examined for particle size 
using the Philips EM 100-B at magnification ranging from 8000 to 11 000. Specimens were 

prepared similar to a method described by Campbell et al. > except that particles were 
dispersed in a collodion/amyl acetate mixture used to form collodion substrates on copper 
TEM grids. Micrographs were taken on the TEM, and the negatives were subsequently en- 
larged 10x. 

Particle size distributions determined by manual measurements on the TEM and by the 
SEM/TA for Minusil -5, Minusil -10, and Silver Bond B are given in Fig. 2. Average par- 
ticle diameters determined by the two techniques are very similar. However, the SEM tech- 
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FIG. 1.--SEM micrographs 
showing image analysis of a 
respirable coal mine dust sam- 
; ple: (a) particles ona 
Nuclepore filter in BSE mode, 
| (b) Particle size delineated 
| by the electron beam in image 
/ analysis mode. 


nique did not allow measurement of as many of the particles less than 1 um in average di- 
ameter. This bias has been introduced probably because SEM/IA was carried out at a much 
lower magnification than the TEM technqiue, which effectively obscured the ability to ob- 
serve these smaller particles. 


Quartz tn Coal Mine Dusts. Wistograms of average particle diameter in micrometers for 
all particles and for quartz particles foundinthree respirable coal mine dust samples are 
shown in Fig. 3. Most quartz particles are within the l1-3um size range. As mentioned 
earlier, some smaller particles may have been missed due to the relatively low magnifica- 
tion used. In order to cover the possible ranges of particle size, the analysis should be 
completed at several magnifications. Also, the SEM operating conditions used did not allow 
for maximum resolution in the backscattered electron image. Specimen tilt of only 15° 
and an accelerating voltage of 20 kV caused the disadvantageous effect of electron pene- 
tration and intersection in the specimen. In this case, BSE resolution was approximately 
0.10 um. 

In addition, some particles smaller than 1 um may have gone undetected because the x- 
ray signal-to-noise ratio was too low to detect them. 


Coneluston 


The quantitative analysis of quartz in respirable mine dust requires that the size 
distribution of the sample must closely match that of the quartz standard. The results 
of this limited investigation suggest that Minusil -5 may be the most suitable standard 
to use for these repirable coal mine dust samples. 

This paper presents apractical method of sample preparation for image analysis of 
respirable-size particles. Further development will be necessary to address the problem 
of dispersing and detecting particles <l um. This method will be extended to the analysis 
of other coal mine dust air-monitoring samples. Of prime importance will be the determi- 
nation of the extent of variation in quartz particle size among coal mine dust samples 
from different mining operations, such as from coal deposits of different grades, or from 
the use of different mining techniques. In addition, this work will be extended to pro- 
vide ground work for the quantitative measurement of quartz in metal and nonmetal mines. 
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FIG. 2.--Comparison of particle-size distribution of pure o-quartz standards determined by 
TEM (left) and SEM (right) with image analysis. A and D, Minusil -5; B and E, Minusil ~-10; 
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FIG. 3.--Particle-size distribution of "All types" (left) and "Quartz" (right) determined 
by SEM with image analysis for three respirable coai mine dust samples. A and D, Sample 
#44010829; B and E, Sample #18433385; C and F, Sample #44541494, 
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SUBMICROSCOPIC (< 1 um) MINERAL CONTENTS OF VITRINITES IN SELECTED BITUMINOUS COAL BEDS 


J. A. Minkin, E. C. T. Chao, C. L. Thompson, M.-V. Wandless, F. T. Dulong, R. R. Larson, 
and S. G. Neuzil 


An important aspect of the petrographic description of coal is the characterization of coal 
quality, including chemical attributes. For geologic investigations, data on the concen- 
trations, distribution, and modes of occurrence of minor and trace elements provide a basis 
for reconstructing the probable geochemical environment of the swamp material that was con- 
verted into peat, and the geochemical conditions that prevailed during and subsequent to 
coalification. Such data are also important for technological evaluation such as washabil- 
ity, pollution potential, and suitability for utilization in a synfuels program. We have 
been using electron (EPMA) and proton (PIXE) microprobe analytical methods!»2,° to obtain 
data on the chemical characteristics of specific coal constituents in their original asso- 
ciations within coal samples. In many maceral* grains that appear to be homogeneous under 
optical examination at magnifications as great as 500x, some elemental concentrations are 
found by probe analysis to be quite variable at different locations within a single grain. 
We have inferred this variability to indicate the probable presence of discrete submicron- 
size mineral particles within the maceral grain. The present study is aimed at evaluation 
of the nature of mineral occurrences and heterogeneous elemental concentrations within 
vitrinites. Vitrinites are usually the most abundant, and therefore most important, 
maceral group in bituminous coal.” 


Expertmental 


fragments of vitrain (a macroscopic unit of coal consisting essentially only of 
vitrinite?) were carefully selected and separated from two drill-core and three columnar 
samples collected from bituminous coal beds in the eastern and western United States. 
Each sample was studied by a combination of the following techniques: 


1. Optical examination of doubly polished thin sections (PTS) 

EPMA of PTS and PIXE analysis of companion polished chips 

Scanning electron microscopy (SEM) with energy-dispersive analysis (EDX) of PTS 
Scanning transmission electron microscopy (STEM) of ion-thinned PTS 
Low-temperature ash residues (LTA) of companion chips 

X-ray powder diffraction analysis (XRD) and STEM of LTA 


OW Be WN Nh 


LTA is widely used as a method for separating the mineral content from coal and retain- 
ing the mineral components in a relatively unaltered state.© In this study, chips of the 
vitrains to be examined microscopically were ashed at low temperatures to obtain an esti- 
mate of the abundance of mineral particles in these samples. As seen from Table 1, the 
percentage of LTA ranged from 0.7 to 6.4 wt. %, The three lower-ash vitrains were obtain- 
ed from columnar samples of the Kentucky No. 9, Upper Freeport, and Herrin (No. 6) coal 
beds. On the basis of petrographic examination of slabs from the three samples, the plant 
precursors of the coal are interpreted by us as being of autochthonous origin. In contrast, 
the two higher-ash vitrains are from split drill-core samples of the I and J coal beds of 
the Ferron Sandstone Member of the Mancos Shale. We conclude from petrographic examination 
of several drill cores, and from field data, that the plant precursors of the coal in these 
beds are of allochthonous origin. (We use the terms autochthonous and allochthonous here 
as defined by Stach et al.’) Autochthonous coals are formed principally from plants which 
remain in place after death to form peat; i.e., these coals are formed in quiet waters. 


Authors Minkin, Chao, Wandless, Dulong, Larson, and Neuzil are at the U.S. Geological 
Survey National Center, Reston VA 22092. Author Thompson, formerly of USGS,is now at 
CONOCO, Inc., Ponca City, OK 74601. 
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TABLE 1.--Analytical data for vitrains studied. 


et A A MORN 


XRD Analysis | STEM tentative 
Wt. 4 LTA Wt. 4 organic $%* 
of LTAtT identifications: 


Columnar sample K809, 0.66 0.65 N.D. | siderite 
37 m, Kentucky no. 9 

coal bed, Webster 

County, Kentucky 


Columnar sample 1.4 0.50 N.D. unknown Fe-Al-Si-Ca, 
H2-42P-1, 8 cm, Upper calcite, kaolinite 
Freeport coal bed, 

Indiana County, 


Pennsylvania 

Block sample 1SGS82, 2.4 1.15 pyrite, quartz, | pyrite, quartz, 
Herrin (no. 6) coal calcite, kaolinite, diopside, 
bed, East central kaolinite tephroite, calcite 
Tllinois 

Drili-core sample 3.4 1.59 | gypsum, calcite, kaolinite 
TRM1-42.57 m, I coal | kaolinite 

bed, Ferron Sandstone 

Member, Mancos Shale, | 

central Utah 

Drill-core sample 6.4 1.65 gypsum, quartz; calcite, possible 
TRM1-40.475 m, J coal garnet 


bed, Ferron Sandstone 
Member, Mancos Shale, 
central Utah 


N.D. = not determined. 

*S. G. Neuzil, analyst. 

*SEPMA determinations, J. A. Minkin, analyst. 
+Minerals Listed in order of relative abundances; F. T. Dulong, analyst 
tMinerals listed in order of relative abundance; M.-V. Wandless, analyst. 


On the other hand, most of the plant precursors of allochthonous coals were transported 
considerable distances from the site of growth to the site of deposition prior to coalifi- 
cation. The flowing waters which carried the plant material in the latter case transported 
mineral content as well. 

Doubly polished thin sections of each vitrain sample were specially prepared for STEM 
analysis by being bonded to glass slides during preparation with an adhesive which is solu- 
ble in acetone, Each PTS was examined optically in reflected and transmitted light. Only 
a few discrete mineral grains (> 1 um size) were observed in any one sample. The mineral 
grains that were detected were limited to quartz, clays (principally kaolinite and illite), 
and isolated pyrite grains. The number of submicron-size grains on the surface of the 
areas surveyed with the SEM was also very limited. 

Areas without optically observable minerals were selected for ion thinning prior to 
STEM analysis. A diamond object-marker accessory for the petrographic microscope was used 
to inscribe 3mm-diameter circles to designate the areas selected for analysis. A 3mm-diam- 
eter circular copper supporting grid was attached with a minimal amount of epoxy to each 
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inscribed area of the PTS. After curing of the epoxy, the PTS was removed from the glass 
slide by immersion in acetone (the epoxy attaching the copper grid to the PTS was unaffect- 
ed by the acetone treatment). The grid-supported circular areas of the PTS were then ion 
thinned, and carbon coated to prevent charging in the electron beam. 


Results and Ditseusston 


The results of STEM analysis of the vitrains studied to date are shown in Table 1 along 
with comparative XRD analyses of LTA of companion fragments. The minimum particle size of 
grains that can be analyzed routinely with the present STEM configuration at the U.S. Geo- 
logical Survey laboratories in Reston, Va., is approximately 80 nm. The range of optimum 
crystallite size for XRD analysis is 0.2 um (200 nm) to 50 um.® We therefore cannot at 
this time identify mineral particles smaller than about 100 nm in diameter in vitrain sam- 
ples. Most of the particles analyzed in this STEM study had a minimum dimension between 
O.1 um (100 nm) and 1 um (1000 nm). In all samples, the distribution of the mineral parti- 
cles is generally random. Many of the areas surveyed with the STEM contained no mineral 
grains, others contained widely dispersed single grains, and still others contained clumps 
of mineral particles of the same or varied compositions. 

In the samples from the Kentucky No. 9 and Upper Freeport coal beds, the vitrains had 
relatively low ash contents, and there was not sufficient LTA from these samples to perform 
XRD analysis. In the Kentucky No. 9 sample, only two mineral prains, both identified as 
siderite (all STEM mineral identifications are based on elemental compositions, and there- 
fore must be regarded as tentative), were observed in all the areas surveyed in the STEM 
study. An interesting aspect of the STEM analysis of the Upner Freeport vitrain was that, 
out of a total of seven grains analyzed, five submicron-size particles showed spectra with 
Al, Si, Ca, and Fe in varying amounts relative to one another. These are believed to be 
mineral assemblages, even at such small sizes. 

Pyrite is the dominant mineral present in the Herrin (No. 6) vitrain sample, as deter- 
mined by both XRD and STEM analyses. Of the vitrains studied so far, the Illinois sample 
is the only one in which quartz and pyrite were observed in the submicron size range, al- 
though both these minerals are seen in optically observable sizes in all the samples. 

In the vitrains from the I and J coals of the Ferron Sandstone Member, calcite is the 
dominant mineral tentatively identified in the STEM study, but gypsum is the principal 
mineral determined by XRD analysis of LTA (Table 1). Of the five samples in this study, 
the I and J vitrains have the highest organic sulfur content (Table 1), and possibly for 
these samples the gypsum was formed during the LTA process by combination of calcium de- 
rived from calcite with the relatively large amounts of sulfur liberated from the vitrinite. 

Evaluation of heterogeneity in the distribution of elemental concentrations in macerals 
was attempted through generation of x-ray maps by means of microbeam instruments. In an 
experiment in which a PIXE microprobe?’ was used, x-ray scans were generated for the distri- 
bution of S, Ca, and Fe in a polished block of vitrain from the Upper Freeport coal bed. 
The volume analyzed was 70 x 100 «x 50 um thick (the thickness corresponds to the depth of 
penetration of the proton beam). The distribution of S was ascertained to be quite homo- 
geneous, confirming the organic association of S. The x-ray maps for Ca and Fe, however, 
showed localized concentrations of both elements closely resembling each other in spatial 
distribution, possibly corresponding to the cellular arrangement in woody tissues which 
were the precursors of the vitrinite in this coal. In this initial experiment x-ray maps 
were not generated for elements such as Al and Si. Maps for these elements would have 
helped to evaluate the possibility of whether the Ca-Fe distribution was mineral (silicate)- 
related. It would also have been desirable to have made x<ray scans on a PTS rather than 
a polished block, so as to assess whether the area analyzed displayed a preserved cellular 
arrangement corresponding to the Ca and Fe distributions observed. Attempts to generate 
X-ray maps with electron bombardment in an SEM showed that the sensitivity of detection 
under the operating conditions was not adequate to obtain patterns of the nature of those 
produced with proton bombardment; the limit of detection with PIXE is routinely about 1-10 
ppm for most elements, and with SEM-EDX about 0.1-0.5 wt.% (1000-5000 ppm). SEM-generated 
x-ray maps for a PTS of the Upper Freeport vitrain showed differences in concentration 
patterns only where obvious (larger) mineral inclusions were present. Further work with 
PIXE x-ray scans will be required for a better understanding and interpretation of the 
initial results. 
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Summary and Conelustons 


On the basis of the LTA and STEM data, vitrain in the allochthonous coals (from the I 
and J coal beds of the Ferron Sandstone Member) studied appears to be more enriched in 
submicroscopic minerals than is vitrainin the autochthonous coals (from the Kentucky No. 9, 
Upper Freeport, and Herrin No. 6 coal beds) of this sample suite. Most of the particles 
analyzed with STEM had a minimum dimension between 0.1 and 1 um. Information is generally 
still lacking on identification of minerals of the order of 0.1 um or less in size. Of 
the submicroscopic minerals identified in this study, calcite and kaolinite appear to be 
the most common. Submicron-size mineral aggregates containing Al, Si, Ca, and Fe were also 
observed. Submicroscopic illite was not apparent in any sample, and submicroscopic pyrite 
and quartz were observed only in the Illinois sample. 
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EVIDENCE FOR A TEKTOSILICATE STRUCTURE AND DOMINANCE OF Fe(III) OVER Fe(II) IN SILICIC 
VOLCANIC GLASSES OF THE NEVADA TEST SITE 


R. G. Warren 


More than 400 individual analyses have been obtained by electron microprobe for silicic 
glasses in 58 samples of tuff and lava from the Nevada Test Site (NTS). These samples 
comprise a wide range in chemical and petrographic types, including calc-alkaline and 
peralkaline rock types, and include most of the volcanic units of the NTS.! Locations and 
brief petrographic descriptions are given for representative samples in Table 1. 


Analytteal Procedure 


Each sample was examined under the petrographic microscope and areas most suitable for 
microprobe analysis of glasses were selected. All such areas must be free of alteration, 
dust, and microlitic inclusions within a 40 x 40um area. Several types of glass fragments 
may be present in each tuff sample, including small glass shards; pumice fragments; and 
large, rounded, or angular glass fragments (perlite). Several fragments of each type 
present were analyzed in each sample. Each analysis was performed using a 40 x 40um ras- 
ter with a beam current of 10 nA. Under such conditions, consecutive analyses of the same 
area indicated negligible sodium loss. In some samples, such areas as large as 40 x 40m 
may not exist, and it is necessary to analyze by a 10 x 10um raster and to move the sample 
constantly beneath the beam. Such analyses are possible only for the often highly elongate 
walls of pumice tubes, which allow movement for hundreds of microns in a single direction. 
Even under such conditions, a small but consistent loss of sodium is evident and such ana- 
lyses should be avoided, if possible. Feldspar standards were utilized for Na, K, Ca, Ba, 
Si, and Al analyses, ilmenite for Mn, and a clinopyroxene for Mg, Fe, and Ti. All analyses 
are corrected for differential matrix effects. ° 


Results 


Analytical totals for the 99 sets of averaged analyses from the 58 samples range from 
89.7 to 98.1%. SiO, contents (uncorrected for H,0 content) range from 65.8 to 75.8%. 
Representative analyses are shown in Table 2. In Table 3, elemental concentrations are 
represented as the number of molecules per 24 oxygens. For all samples, within the ex- 
pected limits of analytical accuracy, the following relationships are found for the mole- 
cular concentrations: 


{[O] = 2[Si + Ti + Al + Fe] 
[Al + Fe] = [Na + K + 2(Ca + Ba + Mn) ] 


Median values and their standard deviations for the elemental sums above are listed in 
Table 4. 


Diseusston and Conclustons 


The above molecular relationships are valid throughout a wide range of glass type and 
chemistry (Tables 2 and 3) as well as rock type (Table 1), and apparently define a general 
relationship for natural glasses of silicic composition. We may explain this relationship 
most simply by postulating a tektosilicate structure for such glasses in which Si, Ti, Al, 
and Fe(III) occupy 4-coordinate (network-forming) sites. Occupancy of such sites by Al 
and Fe(III) produces a negative charge that is exactly balanced by the total positive 


The author is at the Los Alamos National Laboratory, Los Alamos, NM 87545. 
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TABLE 1.--Locations and condensed petrographic descriptions for representative samples of 
NTS volcanic rocks. 


i RR 


Nevada State % phenocrysts 
Sampl¢ Coordinates(ft) USGS, Unit | Rock, . eS 
Sample type N E quad symbol” type Alteration” felsic mafic 
a 
RW19w-1 0 902610 606630 AT TMR1] mwt Gl 15 0.07 (Biot) 
Uel 9p-1261 C 912382 598307 DHF TPCu nwt Gl 3.1 0.13 (Biot>Cpx>Hbld) 
Uel9p-1461 C 912382 598307 DHF TRPP ] Gl ll 0.35 (Biot>>Cpx) 
RW18a-9 0 887850 619510 AT TRAU2 b Gl 7 4,7 (Biot>Hbld>>0Opx) 
Uel9p-1790 C 912382 598307 DHF TRAM b Gl 2. 6 0.06 (CpxvHb1d>0px) 
U19ab-1930-1940 da 911400 599378 DHF TRAM b Zc, mG] 4, 3 0.03 (Hb1d>Biot ) 
TIR-2 0 876600 488790 TC TTT vt Gl, uGr 15 0.56 (Cpx#01>>Biot>Hb1d) 
RW18a-3 0 892040 614370 AT TBG b Gl, mZc 0. 00 0. 00 


ie a Sc Pe ae SE Ne, SR Ne en EE rn mR NS re Ode ee 8 
49 = outcrop, C = core, da = drill cuttings that are representative of unit. 
AT = Ammonia Tanks 7.5', DHF = Dead Horse Fhat 7.5', TC = Thirsty Canyon 15°. 
© symbols are for petrologic units of Warren. 
b = bedded tuff, t = ash-flow tuff (nw = nonwelded, mw = moderately welded, v = vitrophyric), 1 = lava. 
€6] = vitric, Zc = zeolitic (clinoptilolite), yGr = microgranophyric, "m" indicates a minor amount of the 
indicated component. ; 
Felsic phenocrysts are quartz, sanidine, anorthoclase, and plagioclase. 
IMafic phenocrysts are biotite (Biot), hornblende (Hbid), clinopyroxene (Cpx), orthopyroxene (Opx), and 


olivine (01), present in the indicated relative concentrations. 


TABLE 2.--Electron microprobe analyses of glass in representative samples of NTS volcanic 
rocks, weight per cent basis. (All n analyses of a particular glass type are averaged. 
Glass types are: s = shard, pu = pumice, pe = perlite, 1 = lava.) 


Sample n Si0, Ti0, Al 403 Fe,0, MnO MgO CaO Bad Na50 K,0 Total 

RW1 9w-1 3s 74.5 0.11 11.7 0.57 0.00 0.16 0.00 3.69 5.25 96.0 
3pu 73.7 0.13 11.9 0.40 0.00 0.28 0.00 3.68 5.30 95.4 

Uel9p-1261 8s 73.5 0.09 11.8 0.87 0.12 0.00 0.25 0.00 4.30 4.62 95.6 
6pu 73.8 0.09 11.7 0.87 0.12 0.00 0.30 0.00 4.08 4.75 95.7 

Vel 9p-1461 4] 72.0 0.17 12.3 0.90 0.04 0.39 0.00 3.97 5.20 95.0 
RW18a-9 3s 69.9 0.15 11.1 0.91 O.11 0.16 0.97 0.04 2.80 4.31 90.5 
2pu 70.1 0.17 11.2 0.92 0.07 0.16 1.01 0.07 2.84 4.33 90.9 

Uel9p-1790 3pe 69.7 0.13 11.5 1.05 0.00 0.39 0.00 3.16 5.26 91.2 
3pu 69.1 0.09 11.4 1.09 0.00 0.37 0.00 3.01 5.28 90.3 

U19ab-1930-1940 4pu 68.6 0.07 11.4 90.94 0.02 0.43 0.00 2.87 5.36 89.7 
TTR-2 3s 65.8 0.46 15.1 3.90 0.28 0.87 0.07 5.52 6.05 98.1 
2Zpu 72.0 0.20 13.5 1.09 0.06 0.39 0.00 4.49 6.10 97.8 

RW18a-3 4pu 68.3 0.22 10.1 3.59 0.09 0.00 0.14 0.00 4.64 4.68 91.8 
8s 68.1 0.22 10.1 3.47 0.07 0.00 0.15 0.00 4.92 4.39 91.4 


TABLE 3.--Elemental contents for glass analyses of Table 2, calculated as the number of 
molecules per 24 oxygens. (Symbols for glass types are identical to those used in Table 2). 


Assumed coordination Summed values 
number = 4 >6 

SS Se charge 

Sample n Si Ti Al Fe Mn Ca Na K Cn=4 = Al+Fe Cn>6 
RW19w-1 3s 10.064 0.011 1.896 0.056 0.000 0.022 0.965 0.902 12.027 1.952 1.911 
3pu 10.025 0.013 1.900 0.038 0.000 0.040 0.967 0.915 11.976 1.938 1.961 

Uel9p-1261 8s 9.991 0.008 1.892 0.088 0.012 0.036 1.134 0.799 11.979 1.980 2.029 
6pu 10.021 0.008 1.870 0.087 0.012 0.040 1.071 0.820 11.986 1.957 1.995 

Vel9p-1461 4) 9.889 0.015 1.998 0.092 0.004 0.055 1.055 0.911 11.994 2.090 2.084 
RW18a-9 3s 10.008 0.015 1.874 0.095 0.039 0.148 0.776 0.785 11.992 1.969 1.935 
2pu 9.999 0.015 1.889 0.096 0.032 0.150 0.782 0.785 11.999 1.985 1.931 

Vel9¥p-1790 3pe 9.953 0.012 1.938 0.111 0.000 0.057 0.876 0.958 12.014 2.049 1.948 
3pu 9.964 0.008 1.938 0.116 0.000 0.055 0.839 0.971 12.026 2.054 1.920 

U19ab-1930-1940 4pu 9.963 0.005 1.953 0.101 0.002 0.065 0.806 0.992 12.022 2.054 1.932 
TTR-2 3s 9.074 0.046 2.449 0.403 0.057 0.125 1.473 1.062 11.972 2.852 2.899 
2pu 9.702 0.020 2.134 0.106 0.009 0.052 1.170 1.043 11.962 2.240 2.335 

RW18a-3 Apu 9.841 0.022 1.706 0.385 0.009 0.020 1.294 0.858 11.954 2.091 2.210 
85 9.837 0.022 1.713 0.375 0.007 0.020 1.376 0.806 11.947 2.088 2.276 


4also includes Ba and Mg 


32 


TABLE 4.--Median values and standard deviations 
of summed values defined in Table 3 for complete 
sample set. (All values based on 24 oxygens. 
Complete sample set consists of 402 analyses 
from 58 samples.) 


Charge 
Cn=4 Al+Fe Cn>6 
Median summed value 11.992 1.957 1.949 
population 0.026 0.082 0.131 

+2q 
median 0.001 0.004 0.007 


charge of Na, K, Ca, Ba, and Mn, which 
occupy higher coordinate (network modi- 
fying) sites. It should be noted that 
if Fe is calculated as Fe(II) it cannot 
appear in the first equation and would 
appear on the right-hand side of the 
second equation because Fe(II) cannot 
reasonably be assigned to the 4-coordi- 
nate site. Certainly, the lowest ana- 
lytical totals (Table 2) result from 
relatively high water contents. How- 
ever, the molecular relationships are 
not affected by low totals and so it 


is clear that water does not greatly modify the glass structure, even though much of the 


water may be structurally bound, as in zeolites. 


Laboratory studies of glasses from binary and multicomponent systems are consistent 


with the structural relationships hypothesized above. 


Infinitely branched silicates occur 


in binary mixtures of Si0, and oxides of a network modifying cation (such as Na90, KoO, 


CaO, etc.) when the mole fraction of SiO» exceeds 0.44." 


A pronounced viscosity maximum 


at Al/Na = 1 was found for the Na,0-Al,03-Si0, system, independent of SiO, concentration. ° 


This finding was attributed to existence of a network structure. 


Recent Mdssbauer studies 


have shown that Fe(III) occupies a 4-coordinate site. © 
The existence of a well-defined structure for natural silicic glasses is of great 


importance for three reasons: 


1. The relationships among elements defined by the structure provides the microprobe 


analyst with a measure of the quality of natural silicic glass analyses. 


Due to absorp- 


tion of variable amounts of water, the analytical total does not provide such a measure. 
2. Earlier NTS workers have concluded that Si has been leached by groundwater from 
glasses of most NTS volcanic rocks, and therefore glass compositions have been substan- 


tially modified from magmatic compositions.’ >® 


These conclusions are invalid because they 


are based on whole-rock chemical analyses of glassy tuffs, which contain ash that differs 


chemically from shards and other glass fragments. ° 


However, it is possible that magma 


might contain excess Na and K, which are subsequently lost from glass during secondary 


hydration. 


The additional, nonbridging oxygen required in a structure containing excess 
Na and K would be replaced by two hydroxyl groups upon hydration. 


Such alteration, how- 


ever, would not affect elements that occupy 4-coordinate sites and concentrations of such 
elements in the glass would reflect magma chemistry. 

3. Clearly, the tendency for glasses to form a tektosilicate structure is very strong. 
Rocks that have chemical compositions represented almost entirely by tektosilicate norma- 
tive components (albite, orthoclase, and quartz) are very abundant; their compositions 


define the "granite minimum." 


If natural silicic glasses indeed represent unaltered, 


quenched magmas, then it is probable that the structure of the silicate liquid plays a 
major role in guiding the evolution of silicate magmas toward the "granite minimum." 
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ORIGIN OF ACCRETIONARY LAPILLI FROM THE POMPEII AND AVELLINO DEPOSITS OF VESUVIUS 
M. F. Sheridan and K. H. Wohletz 


Accretionary lapilli from the Pompeii and Avellino Plinian ash deposits of Vesuvius consist 
of centimeter-sized spheroids composed of glass, crystal, and lithic fragments of submilli- 
meter size. The typical structure of the lapilli consists of a central massive core sur- 
rounded by concentric layers of fine ash with concentrations of larger clasts and vesicles 
and a thin outer layer of dust. Clasts within the lapilli larger than 125 um are extremely 
rare. The median grain-size of the fine ash is about 50 um and the size distribution is 
well sorted. Most constituent particles of accretionary lapilli display blocky shapes 
characteristic of grains produced by phreatomagmatic hydroexplosions. 

Spheroids of accretionary ash have been long recognized in the geologic literature. 
Modern references have noted their occurrence in ash-fall and base-surge deposits of 
phreatomagmatic origin.*~& No recent detailed studies by modern techniques have been pub- 
lished on accretionary lapilli. We have used the scanning electron microscope (SEM) in 
conjunction with energy-dispersive spectral analysis (EDS) to investigate the textural and 
chemical variation along traverses from the core to the rim of lapilli from Vesuvius. 


l=3 


Method 


The accretionary lapilli were collected from hydromagmatic ash deposits produced by 
the last two major catastrophic eruptions of Vesuvius. Avellino (3500 years b.p.) samples 
were taken from stratigraphic sections measured at Cave 1'Amendolare, Ottaviano, Palmenetto, 
and Vallegrande. Pompeii (A.D. 79) samples came from sections at Pompeii-Castellemare and 
Oplontis. At all locations the accretionary lapilli were dispersed within the fine-ash of 
surge deposits that rest above thick (greater than 2 m) Plinian pumice-fall beds, 

Photographs (~1000x) were taken at discrete intervals from the core to the rim of 
epoxy-impregnated thin sections of the lapilli. Grain-size measurements were made directly 
from these photographs by visual inspection of approximately 1000 grains by means of a hand 
magnifier. 

Bulk chemical analyses were made of 2700um* areas (200 s count, 15 keV beam potential) 
at four selected intervals from the core to the rim. Spectra were quantitatively analyzed 
by use of an internal standard with a ZAF correction routine (KEVEX). Precision was 
checked by repeated analysis of the same area as well as by change in the size of the 
analyzed area. 


Results 


Accretionary lapilli from both the Avellino and Pompeii deposits have three distinct 
structural zones (Fig. 1): a massive (structureless) core (3 to 6 mm diameter) of fine 
ash, an intermediate zone with bands of bubbles and larger clasts, and a fine-grained rim 
(0.3 to 1.8 mm thick). Patches of bubbles (50 to 300 um in diameter) occur in the cores 
of some lapilli as well as bands and patches between the cores and the rims. The distri- 
bution of larger clasts (greater than 50 um in diameter) in the zone between the cores and 
the rims is either random or concentrated in one or two concentric bands. A matrix of fine 
dust (less than 1 um in diameter) has an irregular distribution, but in some lapilli it 
occurs as distinct layers. 

Only a small fraction of the clasts from the accretionary lapilli have vesicles: for 
Pompeii lapilli about 2% and for Avellino lapilli about 5%. Most clasts are blocky with 
delicate projections; many corners have acute angles (Fig. 2). The median grain size 


Author Sheridan is at Arizona State University (Department of Geology), Tempe, AZ 
85287; author Wohletz is at Los Alamos National Laboratory (Earth and Space Science Divi- 
sion), Los Alamos, NM 87545. 
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FIG, 1.--Accretionary lapillus from Avellino FIG. 2.--Detail of texture in rim zone of 
deposit at Cave 1'Amendolare, Vesuvius. lapillus from the Avellino deposit at Valle- 
Note three concentric zones: (1) massive grande, Vesuvius. Note extremely angular 
core without bubbles, (2) intermediate zone clasts, fine dust matrix, and bubble voids. 
with concentric bands of bubbles and larger Backscatter image mode distinguishes crystals 
clasts, and (3) outer rim composed of fine (bright) from glass (gray). 

dust. 


ranges from 3.7 to 5.4 ¢ (77 to 24 um); the most common mode is about 45 um. The sorting 
is good (o, = 1.0). The size and shape of these grains are characteristic of pyroclasts 
produced by hydroexplosions. ©>/ 

Considerable chemical data exists for the ash deposits containing these lapilli. Major 
element analyses were made on bulk ash samples collected throughout the entire stratigraph- 
ic thickness (Plinian fall through overlying surge beds) of the Pompeii deposit.® In ad- 
dition, pumice from the Avellino and Pompeii deposits as well as representative lavas of 
the post-caldera stage of Vesuvius have been analyzed.’ Thus, the original magmatic com- 
position is well known. 

The fine-ash horizon above the pumice-fall bed of the Pompeii deposit has a significant 
change in composition® that reflects a general increase in contamination of the ash with 
carbonate xenolithic materials (Fig. 3). The general model for the Plinian eruptions of 
Vesuvius is based on the assumption that the carbonate walls of the magma chamber disinte- 
erate and allow pulses of water to enter the chamber to create hydroexplosions.?»!9 The 
coupled wall-rock disintegration and water/magma interaction produces finer-grained pro- 
ducts in an eruption plume that becomes progressively enriched in water (liquid and vapor) 
relative to magma. The compositions of analyzed pumice and lava give an approximation to 
that expected for uncontaminated ash. Figure 3 shows a linear decrease of CaO and MgO 
when plotted against S10, that reflects the contamination trend for the Pompeii deposit. 

If simple mixing of pyroclasts with comminuted wall-rock were true for the accretionary 
lapilli, their analyses should plot on a line that parallels the slope of the Pompeii surge 
ash analyses. This trend is in fact true for the spot analyses of the Avellino and Pompeii 
accretionary lapilli. However, the analyses plot above the line defined by the surge sam- 
ples (Fig. 3). In addition, spot analyses from the core to the rim of individual lapilli 
also define lines that are parallel to the general trend. 


Conelustons and Diseusston 


Several conclusions may be drawn from textural evidence. (1) The structureless cores 
of the lapilli accreted rapidly in a zone of the eruption plume that did not experience 
appreciable turbulence. (2) Grain-size layering in the intermediate zone suggests rotation 
of the lapilli during their accretion in a portion of the eruption cloud containing grains 
of variable size. (3) The outer rim of fine dust suggests final accretion in a relatively 
low-energy environment. (4) The dispersal of lapilli throughout the fine-grained surge 
deposit suggests that they fell into a laterally moving surge cloud as discrete particles 
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rather than as a pulsating rain that would have formed individual beds. (5) The unbroken 
spheroids show that they remained coherent during transport and deposition within the surge 
deposits of ash. 

The bubbles provide evidence for local temperature and humidity conditions during 
growth of the lapilli. The presence of bubbles suggests either that water adhering to the 
particles was vaporized by the hot core or that the condensed water on the surface of la- 
pilli was incorporated with a spherical shape due to surface tension. In either case, 
bubbles indicate that abundant water was present when the temperature in the cloud de- 
creased below the vaporation point. 

Chemical data provide additional constraints on the model of lapilli formation. 

(1) The chemical trend (CaO, MgO, and SiO,) for the lapilli is parallel to that for the 
Plinian (lapilli-fall plus surge) deposit as a whole. (2) The accretionary lapilli anal- 
yses fall above those of the associated surge deposit. (3) The Avellino lapilli analyses 
plot in a higher position than do the Pompeii lapilli. (4) Generally the rims of the 
lapilli are enriched in carbonate (MgO and CaO) components. Sample 14, however, had the 
reverse trend. (5) The maximum amount of carbonate included is about 20 per cent. 


Model for Formation 


The above data and conclusions are compatible with a model for formation of the lapilli 
by rapid accretion of the cores in a high-temperature (above 100°C) volcanic plume, which 
produced a massive core without bubbles. The core composition near that of the last- 
erupted magma is consistent with the hot central zone of the plume that is enriched in 
magmatic components and poorer in water vapor and xenolithic dust. As the lapilli move 
outward from the zone of laminar flowage in the central part of the erupted plume into the 
turbulent margins, the layered zone is accreted. The presence of bubbles in this zone 
indicates that the incorporated air from the atmosphere had cooled the vapor to the satura- 
tion temperature so that water could condense. This part of the plume also contains more 
carbonate (CaO plus MgO), as would be expected from the increased load of chamber-wall 
clasts towards the margins of the conduit and hence in a corresponding position within 
the plume above. Little accretion occurs after the lapilli move out of the turbulent 
plume. Only a thin veneer of fine carbonate-rich dust deposited as a rim before the la- 
pilli plunged down into the avalanching surge clouds. The plot of the lapilli analyses 
above those of the surge deposits in Fig. 3 suggests that the lapilli are enriched in 
glass (or depleted in crystals) relative to the base-surge clouds. 
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CHARACTERIZATION OF VAPOR-PHASE MINERALOGY FROM THE GREEN IGNIMBRITE, PANTELLERIA 
Tamsin McCormick and M. F. Sheridan 


Scanning electron microscopy (SEM) and electron microprobe analysis of vapor-phase products 
in the green ignimbrite from Pantelleria were completed to provide information on the pro- 
cess of vapor-phase crystallization. While the volcanic rock cools, vapor-phase crystal- 
lization occurs by the growth of crystals in pores through the action of a hot vapor.! 

The actual role of the vapor and the extent of replacement of the glass by this process 

is not well understood. 
Geologte Setting : 

Pantelleria is a volcanic island located in the straight of Sicily midway between 
Sicily and Libya. The island is famous for its strongly peralkaline rhyolites (Pantel- 
lerites). The green ignimbrite is the youngest of several pantelleric welded tuffs on 
the island. Some authors consider this unit to be an ash-flow tuff,*’? whereas others 
believe that it is a welded ash-fall unit."~© However, all agree that the green Lenim- 
brite is rheomorphic, meaning that it has undergone secondary flowage as a hot viscous 
body after its primary emplacement. 

Although the green ignimbrite once completely blanketed the island of Pantelleria, 
subsequent domes, lava flows, and tephra cones now locally cover it, especially within the 
central caldera.’ Erosion has produced numerous cliffs that expose a complete section of 
the unit. The large amount of vapor-phase aegirine gives the rock its characteristic 
green color. Although the petrochemistry of the lavas on Pantelleria has received much 
attention, a thorough study of the formation of vapor-phase minerals in the tuffs has not 
yet been undertaken. The purpose of this paper is to report on the morphology, composi- 
tion, and development of vapor-phase minerals in the green ignimbrite as a first contri- 
bution to the better understanding of late-stage processes in peralkaline welded tuffs. 

The studied section of green ignimbrite is exposed on the northern part of the island 
near Lago del Bagno. Phenocryst phases in the tuff include aegirine, aenigmatite, Ca-Fe 
pyroxene, iron oxides, and sanidine. Besides crystals the unit consists of lithic clasts 
and flattened pumice in a matrix of glass shards. Samples come from textural zones labeled 
A through E proceeding from the base to the top of a 7m-thick section (Fig. 1). 

At the base of this section is a nonwelded Plinian-fall deposit, the upper part of 
which is weakly stratified. Unit A consists of a welded vitrophyre with conspicuous black 
fiamme composed of flattened pumice. A cross-stratified surge horizon separates units A 
and B. Unit B is a welded vitrophyre similar to A but somewhat thinner. Above it is 
another cross-bedded surge horizon. Then follows unit C, the vitrophyric base of a thick 
welded tuff. Units D and E from the lower and upper parts of this welded unit exhibit 
rheomorphism and strong secondary crystallization. The degree of vapor-phase mineraliza- 
tion visibly increases upward in the section. 


Vapor-phase Mineraltzatton 


Vapor-phase mineralization in the lower part of the section is largely confined to the 
porous ash matrix. Needles of aegirine and/or riebeckite about 0.5 um thick and 10 um 
long are fairly abundant in parts of the matrix of Unit A. They locally occur on the walls 
of bubbles in the glassy pumice fragments. 

In Unit B the aegirine and riebeckite needles have doubled in size and have been joined 


Authors McCormick and Sheridan are at Department of Geology, Arizona State University, 
Tempe, AZ 85287. SEM and microprobe work were done at Los Alamos National Laboratory. 
Support of NSF grants EAR79-26375 and EAR81-211190 is acknowledged. G. Orsi provided the 
samples. 
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by crystals of rounded and pitted cristobalite, 25 to 30 um in diameter 
Im (Fig. 2a). Submicron blocky, iron-rich sanidine is also evident in the 
matrix. Vapor-phase products also occur in bubbles in the glassy pum- 
ice fragments. Here the cristobalite is not pitted, in contrast to 
6 its morphology in the matrix. 
In Unit C the vapor-phase crystallization is further developed in 
this fashion. Aegirine and riebeckite needles of the order of 30 um 
5 long form a network throughout the matrix and occur as radiating clus- 
ters on the walls of cavities near pumice fragment boundaries (Fig. 2b). 
Unpitted cristobalite in this unit is recognized in bubble cavities, 
4 but it is not obvious in the matrix. 
Pumice fragments in unit D are surrounded by a narrow, fine-grained 
dark rim which contains euhedral quartz crystals (Fig. 4b). The cen- 
ters of these clasts are completely replaced by coarse crystals that 


3 : ane ; 
obscure the original structure, although large cavities in these fea- 
tures mimic original vesicles. These areas contain tridymite plates 
2 and blocky sanidine crystals in addition to laths of aegirine and 


riebeckite (Fig. 3a). 

The strongest development of vapor-phase mineralization is dis- 
played near the top of the section in unit E. Although the pumice are 
now completely crystalline, their former vesiculated structure is still 
evident (Fig. 3b). Transparent feldspar crystals, dark green riebeck- 
ite, and pale green aegirine laths line the cavities. In addition, 
small euhedral quartz crystals and cristobalite occur in the cavities. 
Electron microprobe analyses of vapor-phase crystals in Units D and E 
FIG, 1.--Strati- show no significant variation in composition. Table 1 gives represen- 
graphic section of tative analyses. 
green ignimbrite 
near Lago del Diseusston 
Bagno showing the 
position of stud- 
ied samples. 


It is apparent from the SEM micrographs that although initial 
vapor-phase crystals grew within pumice bubbles and in the matrix, the 
ereatest development of these crystals accompanies replacement of glass 
in pumice clasts in the upper part of the sheet. Vapor-phase sanidines 
are slightly more potassic and substantially more iron-rich than phenocrystic sanidines. 

In addition, aenigmatite appears to be absent from the vapor-phase assemblages, being 
replaced by riebeckite. This suggests that the vapors were rich in alkalies and iron but 
poor in titanium. 
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FIG. 4.--(a) Vapor-phase miner- 
als in Unit D. Platy sanidine 
and aegirine (7?) needles. 

(b) Vapor-phase minerals, in- 
cluding quartz, sanidine plates, 
aegirine and riebeckite needles 
are near edge of pumice in 

Unit D. 


TABLE 1.--Representative chemical data on phases. 


Aegirine Ssanidine Riebeckite 


Unit D Unit E. Unit E 
Sid, 51.46 65.34 48.07 
Ti05 1.42 0.00 14:35 
Al502 0.34 12007 0.28 
Fe 03° 2915 16.39 wes 
Feb 1.32 0.00 34.01 
MnO Os7e 0.00 2208 
MgO 0.54 0.02 0.50 
Cao 3452 0.00 0.52 
Na50 11:550 6.42 9.06 
K50 0:02 7.09 L227 
Total 100.01 100.00 97.23 


rn ta epee RE ee ar Hie SN Ih te era OH RE Ae Rn ee aes te i Oe re trem Ar art Se A 


*Recaleulated for aegirine and sanidine. Total Fe as FeO 
for riebeckite. 
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ROLE OF GRAIN TYPE IN QUANTITATIVE SURFACE MORPHOLOGY OF PYROCLASTS FROM THE MONTE 
GUARDIA SEQUENCE ON LIPARI, ITALY 


C. P. Kortemeier and M. F. Sheridan 


This paper presents a new quantitative method for examining images of single grains of 
pyroclasts. The technique can be adapted for quantitative classification, discrimination, 
or interpretation of several types of pyroclastic deposits. An example is presented using 
the Monte Guardia sequence, a well-characterized deposit of base-surge origin on the 
island of Lipari.! Samples taken from different types of deposits at various distances 
from the source represent diverse depositional environments. Cluster analysis shows that 
clast type dominates over environmental factors in the correlation of grains based on 
their surface morphology. 


Background 


Lipari is the largest island in the Aeolian arc located north of Sicily. The Monte 
Guardia sequence is a rhyolitic base-surge deposit that erupted between 22 600 and 16 800 
years ago.! This unit contains four dominant pyroclast types: (1) pumice, (2) white non- 
vesicular glass, (3) black microcrystalline clasts, and (4) crystals.? Samples were taken 
from four distinctive types of deposits (sandwave, massive, and planar surge beds, and 
lapilli-fall deposits) at three distances (proximal, medial, and distal) to investigate 
the various factors that affect the development of surface textures on the grains. This 
paper reports on the variability of grain-surface features related to clast type. 


Method 


The technique used to prepare the samples for this study follows that suggested by 
Sheridan and Marshall.? Grain-size analysis of 14 samples representing various deposit 
types and localities allowed the identification of principal subpopulations. Representa- 
tive splits were chosen of two size populations that are generally present in all samples. 
The pyroclasts were cleaned in a dilute (10%) HC1 solution and examined with a binocular 
optical microscope prior to mounting on an aluminum stub. Grains from each of four clast 
types were placed in rows on the stubs with their identity recorded so that they could be 
relocated for future analysis. The number of grains examined from each sample ranged from 
ZO “Lo 50), 

The magnification for SEM imagery was chosen to produce single-grain images. The 
average magnifications were approximately 50x for the coarser population and 150 for the 
finer size fraction. Thus the resolution of detail on grain surfaces is much greater for 
the fine pyroclasts. 

Prior to quantification of any morphological features, a general reconnaisance was 
made to familiarize the operator with the variability of surface features displayed by 
the grains. Individual pyroclasts that were inappropriate for the study were eliminated 
at this stage. 

Images in this study were compared directly to those in the textural atlas of Sheridan 
and Marshall.‘ Each grain was given a decimal ranking in proportion to the degree of 
development for each of the 8 morphological parameters. This standardized approach allows 
direct comparison of populations from widely different localities. The parameters chosen 
to characterize the pyroclasts in this study were: vesicularity, bubble shape, breakage, 
largest simple surface, glass coating, pitting, amorphous overgrowths, and crystalline 
overgrowths. A different selection of parameters may be appropriate for other studies. 

Authors are at the Department of Geology, Arizona State University, Tempe, AZ 85287. 
Rosanna deRosa collected the samples and prepared the stubs. Support of NASA grant 
NAGW-245 is acknowledged. 
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FIG. 1.--Examples of textural development. Numbers beneath scale bars give quantitative 
values of parameters. 


4 


Grains exhibiting four of these parameters are shown in Fig. 1. 

Glass coated crystals appear in the first row of Fig. 1. Crystals free of glass have 
a value of 0.0; those completely coated have a value of 1.0. The glass layer is invariably 
vesicular. Therefore, as the thickness of the glass coating increases or the size of the 
crystal decreases, a morphological gradation exists between glass-coated crystals and 
porphyritic pumice. 

The second row of Fig. 1 illustrates the vesicularity of grains. Bubble-free glassy 
particles have a value of 0.0 and vitric clasts exhibiting maximum vesicularity have a 
value of 1.0. This parameter does not represent the actual void space, but rather the 
ratio of vesicle surface area to area of intervesicle wall that is visible in the image. 

The third row of Fig. 1 exhibits the range of secondary crystalline overgrowth. Secon- 
dary overgrowth may be amorphous, microcrystalline, or crystalline. A grain free of over- 
growth has a value of 0.0. Grains with barely discernible crystallites have a value of 0.1. 
A completely overgrown grain whose largest secondary crystal approaches the size of the 
pyroclast has a value of 1.0. 

The fourth row of Fig. 1 shows the degree of grain modification, represented by the 
largest simple surface. The size of the largest simple surface grades from 1.0 for the 
largest to 0.0 for the smallest. These values are relative in that the area of the face 
is compared with the size of the entire grain image. Resolution of the image becomes an 
important factor for very small faces. The size of the largest surface decreases loga- 
rithmically as the grain is modified by collisions. Therefore the scale for this parameter 
is not linear. 


Statistical Analysts 


In order to use this method to resolve questions of textural modification by eruption, 
transportation, and diagenesis, the hierarchy of controls on grain morphology must be 
established. Because some grain types can be easily identified by inspection of SEM 
images,° grain type is the first level of discrimination to examine. The complete matrix 
of 8 parameters were used to test for similarity of grains of the same type within single 
populations and combinations of populations by using the cluster analysis program CLUSTAN. © 

Dendrograms based on three or more eigenvalues were plotted for single samples and 
various combinations of samples to test the effect of grain type on clustering. Scatter 
diagrams based on eigenvalues were also made for comparison of the grouping of data by 
grain type. Figure 2 gives a representative dendrogram for the coarse grain size of a 


COEFFICIENT OF SIMILARITY 


FIG. 2.--Dendrogram of all eight eigenvalues of pyroclast surface features on coarse grains 
from distal planar surge bed. X = crystals, P = pumice, B = black microcrystalline frag- 
ments, W = white vitric pyroclasts. 
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distal planar surge bed. Crystals, pumice, and glass are easily separated by this tech- 
nique. Although the black microcrystalline fragments and white glassy pyroclasts are 

in the same major group, subclusters do separate these types. One of the major clusters 
contains grains of various types which apparently contain no strongly characteristic 
surface features. These grains may exhibit textures more characteristic of secondary 
processes. 


Discusston 


Some difficulties may arise in the assignment of quantitative values for morphological 
parameters. Features related to secondary processes, such as overgrowths and pitting, may 
obscure primary features, such as vesicularity or glass coatings. Some primary features, 
like glass coatings, may be removed by chipping or fracturing during transport. In addi- 
tion, certain features may combine to superficially resemble totally unrelated textures. 
For example, a finely vesiculated pumice with amorphous coating may resemble a crystal 
with secondary crystalline overgrowths, or the microcrystalline surface on lithic grains. 
High-resolution microscopy or energy-dispersive analysis may be required to resolve these 
uncertainties. In the worst case such ambiguous grains could be eliminated from the 
quantitative analysis since their number is small. 

The method outlined in this paper appears to be useful as a first attempt to quantify 
surface textural features on pyroclasts. Grain type is the dominant factor in the develop- 
ment of the various surface textures examined, which means that in order to investigate 
the effects of eruption, transport, and diagenesis of this type of deposit, the images 
must first be regrouped into grain types. Then each type can be tested for variability 
according to eruption type, emplacement mode, modification during transport, and diagenesis 
after deposition. 
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DETERMINATION OF THE COMPOSITIONS OF METAL PHASES IN CHONDRITIC METEORITES 
D. G. W. Smith and S. Launspach 


Metal phases in chondritic and other meteorites are composed of major Fe and Ni, minor Co, 
and traces of other elements. Due to the different origins and thermal histories of mete- 
orites the proportions of these elements vary greatly, not only from meteorite to meteorite 
but also in most instances from grain to grain and within grains. It has been recently 
shown that the pattern of variation, in combination with the average composition of the 
metal grains, may be distinctive for a particular meteorite and may thus provide a means 

of characterization or "fingerprinting," as well as offering insights into the meteorite's 
thermal history.'’* 

Such characterization requires the analysis of several hundred points for each meteor- 
ite. This paper outlines the procedures that have been developed to acquire the data rela- 
tively quickly and conveniently by use of an automated electron microprobe fitted with both 
energy-dispersive and crystal spectrometers. 


Analy tteal 


The equipment used in this work was initially an Applied Research Laboratories (A.R.L.) 
"EMX'"' microprobe fitted with three crystal spectrometers and an Ortec energy-dispersive 
spectrometer. Subsequently, full automation of the procedure was achieved on an A.R.L. 
"SEMQ'' microprobe, which has four crystal spectrometers and an Ortec "EEDS II" energy- 
dispersive system. Throughout the work an operating voltage of 15 kV was found to be very 
satisfactory when combined with a probe current of about 25 nA, measured by a Faraday cage 
in the sample position. Of the available crystal spectrometers it was necessary to use 
only the two that have LiF analyzing crystals. 

No attempt was made to determine the trace element contents of grains investigated. 
That would require completely different and more time-consuming procedures. Thus, only 
the elements Fe, Ni, and Co were determined. These elements suffer from mutual inter- 
ferences in energy-dispersive analysis (EDA) because of the relatively poor resolution of 
such systems. Only the Fe Ka peak is essentially free of such interference. It was there- 
fore decided that Fe should be determined by EDA; the LiF crystal spectrometers with their 
superior resolution were used to determine simultaneously Ni and Co. 

Because the metal phases closely approach a binary system, since they are made up in 
nearly every instance of more than 97% Fe + Ni, the normal procedures for fully quantita- 
tive analysis, requiring peak and background measurements on both samples and standards as 
well as full ZAF corrections, need not be adopted. Instead, the "calibration curve" ap- 
proach can be used without significant loss of accuracy provided that a series of standard 
materials covering the Fe-Ni composition range is available. The composition of standards 
used in this work are shown in Table l. 

Co determinations were made against a pure Co standard and the size of matrix correc- 
tions for Co in pure Fe and pure Ni were calculated by the ZAF subroutines of the program 
EDATA2.* Co Ka radiation lies on the low-energy side of both the Fe and Ni K absorption 
edges and hence these corrections were found to be both small and very similar (0.976 and 
0.995). A constant, average ZAF correction (0.985) was therefore applied to all Co deter- 
minations, irrespective of the Fe/Ni ratio calculated for that sample by the calibration 
curve technique. The background beneath the Co peak can be calculated from an expression 
based on determinations of the actual background at the Co peak position on various Fe-Ni 
samples of known composition. Thus it was found that in the concentration range Fe = 
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TABLE 1 100 - 40 wt.% the background intensity B at the Co peak 
can be very closely approximated by the linear expression 


Standards used 


Fe (wt.%) Ni (wt.%) 


B = (mX + c)I/C 


where the slope m = 4.8333 x 10 *, X = wt.% Fe present in 


100.0 0. ; 
94.9 5 the sample, the constant c = 0.64377, I = Co standard net 
42.9 57 peak counts, and C = Co standard concentration in wt.%. 


oritic metals) the relationship becomes noticeably nonlin- 
ear and a slightly different expression would be required 
ae ee ee ae EOE to obtain the most accurate background values. This pro- 
cedure for determining the Co background correction avoids 
possible problems of interference associated with the very 
weak Fe satellite line close to the Co K peak position.’’* 

To determine the compositions of the metal phases in a 
chondritic meteorite, data are acquired first for each of 
the standard materials over 100s counting periods in each 
case. Typically, the following count rates are obtained 
(counts/s/percent/fnA probe current): Fe: 0.52; Ni: 1.50; 
Co: 1.24. The approximate background (counts/s/nA probe 
current) for Co are: on Fe, 0.92; on Ni, 0.71. 

; Once standardization is complete, the procedure re- 
Users! Group. : : : 

quires the determination of peak data (only) for elements 
Fe, Ni, and Co on whatever sample points are to be analyzed. Twenty-second counting times 
were found to be sufficient to give acceptable accuracy. 

These data provide the input for the FORTRAN IV program ''FENICO,' which first calcu- 
lates third-order polynomial fits to the standard intensities for Fe and Ni. Sample data 
are processed next and the concentrations for Fe, Ni, and Co are determined and presented. 
These concentrations are presented again after recalculation to 100%. FENICO then calcu- 
lates an average metal composition on the basis of the points analyzed and finally gener- 
ates plots of frequency of occurrence vs Ni wt.% and Co wt.% vs Ni wt.%. Note that any 
analysis totaling less than 95% is automatically excluded from recalculation and plotting. 
Typically, only a few per cent of the results lie in this category; nearly all totals lie 
between 98% and 102% when the counting times specified above are used. As written at pre- 
sent the program processes data in batch form once they have been gathered. Minor modifi- 
cations would be required to process data from each sample point at the time they are ac- 
quired and present the results immediately. Similarly, it would be possible to modify the 
program to calculate and update plots for display on the screen of an integrated energy- 
dispersive system as data are acquired, rather than, as is the case at present, having 
plots calculated once at the end of data acquisition and processing. 

Selection of analytical points is as far as possible random, but inevitably some oper- 
ator bias enters into the choice. Attempts were made to sample within grains randomly, 
although there is undoubtedly a tendency to avoid the extreme margins, a tendency that 
could in some circumstances possibly result in a slight distortion of the pattern of values 
found. 

An added advantage of the simultaneous acquisition of an energy-dispersive spectrum 
(from which one obtains Fe determinations by reading the appropriate energy region of 
interest) is that errors in the choice of analytical points, such as selecting a grain of 
troilite in mistake for metal, are immediately apparent from casual inspection of the spec- 
trum, and acquisition can then be aborted. 


0 
] 
1 
36.7 bas At lower concentrations of Fe (seldom encountered in mete- 
5 
0 


Note: pure Fe and Ni obtained 
from chemical supply house, 
All other Fe, Ni alloys were 
prepared at the INCO Labs. in 
Sterling Forest and were sup- 
plied courtesy Dr. A. Batt. 
The compositions are the aver- 
ages obtained by 6 laborator- 
ies in the Metropolitan Probe 


Discussion of Results 


Some typical results obtained by the procedures outlined here are shown in Fig. 1. It 
will be noted that not only are there very considerable spreads in the Fe, Ni, and Co values 
obtained but also that there are significant differences in the patterns of these elements 
between the chondrites investigated. 

Since analytical points are chosen randomly and optical differences between grains, 
lamellae, or other intergrowths of different metal compositions are often insufficient to 
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delineate boundaries, it is inevitable that on some occasions an analyzed volume lies a- 
stride a boundary. The extent to which that happens varies according to the scale of the 
intergrowths; the most frequent occurrence is in fine-scale intergrowths such as plessite. 
An estimate of the importance of this effect can be obtained from the amount of broaden- 
ing of the kamacite peak on its high-Ni side. When a substantial number of points have a 
Ni content in excess of approximately 8%, inadequate resolution of intergrowths can be 
suspected. However, if a fully focused beam less than 1 um in diameter is used, this 
Situation is very rare. We therefore conclude that the effect is quantitatively unimpor- 
tant in controlling the pattern of Fe, Ni, and Co concentrations found for metal phases. 

An effect that must be considered, however, has to do with the exsolution of taenite 
from kamacite. With falling temperature the diffusion of Ni in taenite is sluggish and 
produces characteristic "M profiles" in which the marginal regions immediately adjacent 
to the kamacite have Ni contents that may be very significantly higher than the central 
taenite region. This disequilibrium situation may be "frozen" into the metals on final 
cooling. These concentration gradients in interface regions may produce, at least in part, 
the ranges of taenite values observed in the plots for many chondrites. 

However, that does not appear to be the complete explanation. Plots for many chon- 
drites exhibit a frequency maximum at about 50-55 wt.% Ni, probably corresponding to the 
tetrataenite phase. This phase is believed to be stable at temperatures below about 320°C. 5 
and its presence in the chondrites may indicate prolonged mild reheating, perhaps during 
low temperature burial metamorphism. The points on the low-Ni flank of the kamacite peak, 
which are seen in the plots for most chondrites, may also represent kamacite interface 
regions depleted in Ni by low-temperature exsolution over long periods, although in this 
case it is also possible that they could represent original high-temperature, low-Ni kama- 
cite, since the maximum Ni content of that phase increases with falling temperature to a 
value of about 6-8 wt.% at temperatures between 475 and 425°C (depending on the P content), 
then starts to decrease again and reaches values as low as 4.2 wt.% at 500 C.° 

In addition to variations in the Fe/Ni ratio in the metal phases, there is a very clear 
trend in Co concentrations with low Co being in general associated with high Ni, and high 
Co with high Fe. It has been observed that chondrites with the most inhomogeneous metal 
phases also have the greatest variation in Co concentrations for any given Fe/Ni Patiox: 

The results illustrated in Fig. 1 are from three chondrites that not only all belong 
to the abundant L group but also to the same petrologic type.® Yet there are signif- 
icant differences between the average Co concentrations and the Fe-Ni-Co patterns that 
are obtained for these chondrites--differences that are, by and large, of similar magni- 
tude as those observed between chondrites belonging to other groups and petrological 
types.'’* So far it has not been possible to demonstrate any obvious relationship between 
the average metal compostion and/or Fe-Ni-Co patterns on the one hand and the group and/or 
petrologic type on the other. Thus it seems likely that the characteristics of the metal 
phases demonstrated by this work have not been acquired during the events that produced the 
different groups and types of chondrites but rather during lower-temperature processes of 
planetary accretion and burial metamorphism. If that is the case, they have the potential 
of revealing important information about accretion histories and the later thermal events 
affecting these meteorites, 
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MICROCHARACTERIZATION OF BASALT--CONSIDERATIONS FOR A NUCLEAR WASTE REPOSITORY 
C. C. Allen and M. B. Strope 


The National Waste Terminal Storage Program of the U.S. Department of Energy is assessing 
a number of rock types to determine their suitability for the disposal of nuclear waste. 
As a part of this effort, the Basalt Waste Isolation Project (BWIP) is investigating the 
Pasco Basin in southeastern Washington State as the possible site of a nuclear waste re- 
pository in basalt (NWRB). The microcharacterization work described in this paper results 
in a detailed identification of the minerals and other phase assemblages that provide the 
basis for a determination of the environment that acts to control geochemical conditions 
in an NWRB. Interactions between the basalt, groundwater, and proposed waste packages are 
being studied to insure that the final repository and waste package designs meet all re- 
quirements for safety and isolation. 

The rock at the proposed repository location is a fine-grained tholeiite, containing 
crystals of plagioclase, pyroxene, and titaniferous magnetite plus a glass-rich mesostasis. 
Partial reaction of this mesostasis with groundwater is thought to be the predominant 
source of most elements in the groundwater. The composition of the mesostasis and its 
reaction thus should affect the chemical environment of the waste packages. For this 
reason, microcharacterization of the mesostasis, particularly the glass phase, has been 
conducted by the BWIP in support of hydrothermal laboratory studies that provide data to 
geochemical and performance models. 


1 


Sample Preparation and Analysts 


Microanalysis was performed by a Leitz petrographic microscope, a Cameca electron 
microprobe, and a JEOL 200 CX scanning transmission electron microscope (STEM) with a 
Princeton Gamma-Tech Model 3000 energy-dispersive spectrometer (EDS). Rock samples were 
prepared as doubly polished thin sections (30 um thick) and carbon coated for microprobe 
analysis. Thin sections designated for STEM study were prepared with easily releasable 
crystalbond. The STEM samples were released from their mounting slides and cemented to 
slotted beryllium grids, ion thinned, and carbon coated. 

The microprobe was calibrated with mineral standards, and the data were reduced by a 
ZAF correction routine. Crystals were analyzed with a point beam; glass analyses utilized 
a 5 x Sum area scan and short counting times to reduce alkali migration. 


Results 


The Grande Ronde Basalt, which contains flows that are under consideration as candidate 
repository horizons, consists of basalt flows tens of meters thick. The dense interiors 
of many of these flows display two distinctive textural units, designated colonnade and 
entablature.* The colonnade, comprising the lower portion.of a typical flow, is dominated 
by well-defined columnar jointing; the entablature above exhibits highly irregular frac- 
turing. The two textural units apparently reflect different thermal histories in portions 
of a flow that were cooled simultaneously from the base and from the top.° Colonnade and 
entablature samples are identical in bulk chemical composition, but differ in detailed 
mineralogy. 

The plagioclase crystals in both colonnade and entablature samples are sodic anorthites, 
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FIG. 1.--Titaniferous magnetite 
grains in entablature glass: secon- 
dary electron image. 10um-scale bar. 


FIG. 2.--Cross section of hollow 

fluorapatite crystal in colonnade 
glass: secondary electron image. 

lum-scale bar 


FIG, 3.--Entablature glass contain- 
ing poorly crystallized blebs (B) 
and plagioclase microcrystals (P): 


scanning transmitted electron image. 


lum-scale bar. 


with similar compositional ranges. The pyroxenes in 
both samples include augite and pigeonite. Augite 

in the colonnade samples may be rimmed by iron-rich 
pigeonite, whereas pigeonite is abundant in some 
entablature samples and rare in others. Titaniferous 
magnetite crystals in colonnade samples are blocky 
and subhedral, with characteristic dimensions of 50 
to 100 um. In the entablature, metallic oxide with 

a Similar composition occurs as trefoil-shaped grains 
a few microns across. These grains rim the larger 
plagioclase crystals in some samples, and in others 
they form delicate filagreed dendritic patterns in 
the mesostasis glass (Figure 1). 

Optical microscopy and limited point counting 
indicate that mesostasis comprises 15 to 65 vol.%? 
of the samples studied and is systematically more 
abundant in the entablature than in the colonnade. 
The mesostasis represents the residual liquid left 
over after the crystallization of the major phases 
described above. Approximately half the mesostasis 
in a typical entablature sample consists of micron- 
scale plagioclase and pyroxene crystals; most of the 
remainder is glass. Mesostasis in the colonnade 
samples also contains rod-shaped fluorapatite crys- 
tals 20-40 um in length and 3-6 um in diameter. 

These crystals are hollow, with hexagonal cross 
sections (Figure 2). Apatite crystals are extremely 
rare or totally absent in the entablature. 

Entablature mesostasis typically contains abun- 
dant rounded blebs, ranging in diameter from 1 to 
< 0.01 um (Figure 3). Microprobe and EDS analyses 
show that these blebs have a considerable range in 
chemical composition, but are generally rich in Si, 
Ca, Mg, and Fe, with minor K, Ti, and P. The STEM 
electron diffraction patterns indicate that the blebs 
are poorly crystalline, but that some of the larger 
ones contain ilmenite, maghemite, and apatite. Such 
blebs are relatively rare in samples of colonnade 
glass. 

An optically amorphous glass phase constitutes 
approximately half the mesostasis volume in a typical 
sample. The average chemical composition of this 
glass (Table 1) differs significantly between ana- 
lyzed samples of colonnade and entablature. Both 
glass compositions are silica rich, and the colonnade 
composition resembles that of a typical rhyolite." 
The averaged compositions presented in Table 1 mask 
significant chemical heterogeneities on the scale of 
a few microns, particularly in entablature samples. 
Discrete amorphous phases that approach pure silica, 
potassium-feldspar, and hedenbergite in bulk chemical 
composition have been observed. Colonnade glass 
tends to be amorphous on the scale of electron dif- 
fraction interactions, but some entablature samples 
display diffraction rings that suggest microcrystal- 
line ordering. 


Discusston 


Colonnade and entablature glass exhibit minera- 
logical differences related to their distinct cooling 
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TABLE 1.--Averaged electron microprobe analyses of mesostasis glass from Umtanum flow, 
Grande Ronde basalt. 
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histories. Crystallization at relatively low cooling rates proceeded farther in the colon- 
nade than in the entablature, as evidenced by the presence of iron-enriched rims on augite, 
fluorapatite crystals, large titaniferous magnetite grains, and a smaller percentage of 
mesostasis. This difference is also reflected in the more "evolved"! chemical composition 
of the colonnade glass. The micron-scale blebs common in entablature glass represent poor- 
ly organized concentrations of material that solidified in a state intermediate between 
glassy and crystalline. 

Two major considerations relevant to NWRB studies are highlighted by these results. 
First, recognition of the distinction between entablature and colonnade is necessary to 
proper prediction on the waste package-rock interactions. Second, mesostasis glass, partic- 
ularly in entablature samples, is strikingly heterogeneous in terms of both chemical compo- 
Sition and mineralogy. An average chemical composition for this glass may not appropri- 
ately represent the glass phase most susceptible to alteration. The major elements are 
partitioned among multiple glass compositions plus other phases with varying degrees of 
crystallinity; each phase has unique kinetics of hydration and alteration. Studies of the 
effects of such factors on repository waste package design are currently under way within 
the BWIP. 

The mineralogy, identified in this paper as a result of microcharacterization work, has 
provided a primary basis for understanding of the mineralogical characteristics of the re- 
pository environment. Interaction of water with the host rock is responsible for control 
of repository conditions such as Eh and pH. Reaction of the waste released from the waste 
form with the rock-water system provides a mechanism to control release from the engineered 
system in an NWRB.° The results of microcharacterization work allow the products from 
hydrothermal testing to be identified and that inturn facilitates a detailed understanding 
of the geochemical transformations taking place in the near- and far-field environments in 
an NWRB. 
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MINOR AND TRACE ELEMENTS IN HORNBLENDE, AUGITE, AND PYROPE MICROPROBE STANDARDS FROM 
KAKANUI, NEW ZEALAND, BY ION MICROPROBE MASS SPECTROMETRY 


J. R. Hinthorne 


Ion microprobe measurements of major elements and 17 minor elements present below the 1% 
level have been reduced by the use of working curves and the local thermal equilibrium 
(LTB model. * Table 1 gives the results compared to the values recommended by Mason and 
Allen. 


Data Aequtsttton 
The ion microprobe data were acquired on an Applied Research Ion Microprobe Mass Ana- 
lyzer. A mass-analyzed primary beam of 'CQ” at 17 keV and 5 na current into a 15um spot 


TABLE 1.--Ion microprobe analyses (IMMA) of megacrysts from Kakanui, New Zeland, compared 
to reference values.* [Values in atom percent (%) or ppma. ] 


HORNBLENDE AUGITE PYROPE 
IMMA _ MASON * IMMA IMMA MASON * IMMA MASON * 
Li 2.0 - 2.8 2.7 - .28 - 
B 5.0 - 3.6 2s - 157 - 
F 3800 = 140 120 - 38 - 
P 16 - 22 21 - 19 - 
Na 2.2% 1.9% 82% 82% 89% 260 490 
Mg 7.3% 7.0% 8.1% 8.1% 9.0% 9.3% 9.9% 
Al 8.4% 6.5% 4.6% 4.4% 3.4% 11.1% 9.9% 
Si 11.7% 14.9% 17.5% 17.2% 18.4% 14.3% 14.9% 
K 1.2% 1.0% 30 26 50 14 45-69 
Ca 4.8% 4.1% 6.9% 7.4% 6.1% 2.1% 2.0% 
Ti 1.2% 1.2% 22% 24% . 20% 970 1390 
Fe 3.2% 3.4% 1.7% 1.7% 2.0% 2.9% 3.2% 
V 135° -183 88 106 107 84 97 
cr 40 21 360 390 330 230 220 
Mn 310 =. 290 360 370 390 830 830 
Co 110 34 a 26 15-21 20 16-25 
Rb Ae oa - - 05 - 05 
Sr 120 107 17 20 is 3.4 25 
Y S25 22 2.8 ee 2.4 14 13 
Zr O68. a2 3.5 4.6 7:2 625 14 
Nb re 278 113 14 .09 .08 .09 
Ba 49 27-43 . 06 . 28 .15-.20 09 .07-.16 


ln i tL 
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was used. The sample consisted of a polished grain mount, containing all three mineral 
types, prepared and carbon coated at the Smithsonian Institution for normal electron micro- 
probe work. Positive secondary ions were detected in the ion counting mode for all peaks 
measured. A cold plate at liquid-nitrogen temperature was positioned about 1 cm above 

the sample's surface in a vacuum chamber at 10 ° Torr. 

Duplicate counts for 4 s each were made on the required mass peaks. 3°si* was meas- 
ured before and after each run; the maximum observed drift was -4% (on hornblende). After 
the individual peaks were counted, the analyzing magnet was set to four fixed positions 
and a group of mass peaks was integrated in a fast multichannel scaler mode (MCS). By 
"peak stripping" these MCS data inferences on °*Fe', °*Rb’, and °®Sr* could be eliminated, 
an internally consistent set of data on the light rare ee elements (REE) accumulated, 
and a prolonged integration for Th and U made. 


Data Reduction 


The acquired peak intensities, adjusted from the MCS data, were corrected for deadtime 
(29 ns), isotopic abundance, and relative sensitivity to arrive at the values given in 
Table 1. For fluorine, the working curve of Hinthorne and Andersen‘ was used. (The work- 
ing curve is based on numerous analyzed silicates, including 30 amphiboles.) The 38 ppma 
F content of the pyrope was checked in several locations and appears to be valid. This 
value implies that some water or (OH) will also be present. A detection limit of 1-2 ppm 
F, under the analytical conditions used, was established by panglysis of lunar proxenes and 
aviness only background count rates were observed at the Ee peak position. 

For the cations, the relative sensitivity factor was calculated from the Saha-Eggert 
ionization equation,’ where the relative sensitivity is computed as the ratio of singly 
charged to neutral atoms for each element under an assumed set of "plasma" conditions 
designated "temperature (T)" and "free electron density (N_)."" On the basis of experience 
in analyzing more than a hundred silicated standards, a set of parameters, T and No was 
chosen and used for all three Kakanui minerals. Because only relative sensitivity factors 
are calculated, it is necessary to introduce one additional item of information to con- 
vert relative atom abundances to concentrations; in these cases an assumed sum of the cat- 
ions was used. For instance, in augite the cations total 40% of the atoms and the oxygen 
60%, if all the sites are filled. Results based on allowing the LTE model to find a "best 
fit" solution for the major elements will be compared with Table 1. 


Discusston of Results 


Few, if any, prior values have been published for Li, B, F, and P in these Kakanui 
minerals. The values presented are believed to be accurate enough for use in petrologic 
and geochemical modeling; in fact, they are as accurate as the remainder of the elements 
presented in Table 1. At these concentrations and beam currents counting statistics have 
to be considered; the worst case counting statistics were 1 sigma = 5% for the 1.7 ppma B 
in the pyrope. 

The major and most minor elements correspond relatively well to "established" values. 
No specific reason could be found for the low Si found in the hornblende. Most of the 
low-level elements agree broadly with the summary by Mason and Allen;* however, there are 
some notable exceptions. kK in the hornblende, and Na and K in the augite are close to 
accepted values, but K and Na in the pyrope are much lower than reported by other tech- 
niques. The probable reason for this difference is that all other techniques which can 
measure alkalies at these levels are bulk analysis methods in which there is great poten- 
tial for accepting minute inclusions or alteration products or fracture fillings, which 
could be rich in Na or K, into the analyzed volume. The reported* value of 50 ppma K in 
the augite is greater than the ion microprobe value of 26-30 ppma probably for the same 
reason. 

Experience has shown that Zr and Nb are underestimated by about a factor of 2 with 
the LTE model. This is approximately true for Zr in the Kakanui minerals, but the ap- 
parently good match of Nb is a puzzle. The problem for these elements is due to the 
large amount (50% or more) of the cations which remain bound to oxygen during the sput- 
tering process. The same problem exists with the analysis of some other elements (e.g., 
Mo, REE's Hf, Ta, W, Th, and U) in an oxygen-rich sputtering environment. 

The rare earth results for the hornblende are presented here as relative abundances 
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normalized to the chondritic meteorites: La 0.97; Ce 1.00; Pr 1.39; Nd 1.46; Sm 1.56 and 
Eu 1.20. Note that these light REE's show less than a 50% variation from the primitive 
chondritic pattern. 
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COMPOSITION OF AUGITE AND PIGEONITE IN BASALT FLOWS THAT ARE CANDIDATES FOR A NUCLEAR 
WASTE REPOSITORY 


P. E. Long and M. B. Strope 


Basalt flows underlying the Pasco Basin in southeastern Washington are being considered for 
construction of a mined geologic repository for high-level nuclear waste, as part of the 
U.S. Department of Energy's (DOE's) Basalt Waste Isolation Project (BWIP). These basalt 
flows were emplaced as widespread sheets of lava up to ~50 m thick, which subsequently 
crystallized, developing contraction fractures as they cooled. Many of the flows are 
characterized by distinet patterns of fractures in which well-defined polygonal columns 
(colonnade) make up the lower third of the flow. The colonnade is overlain by irregularly 
fractured basalt (entablature) in the central part of the flow, which is in turn overlain 
by a vesicular to brecciated flow top.! The fractures in these flows are virtually all 
filled with secondary clays, zeolites, and silica. Nevertheless, limited groundwater 
movement may still occur along the fractures, and hence it is important to understand the 
fracture patterns in order to evaluate the isolation capability of a nuclear waste reposi- 
tory in basalt (NWRB). Moreover, the cooling fractures are the principal planes of struc- 
tural weakness in the rock and play an important role in determining the stability of mined 
openings at depth in an NWRB. 

Petrographic textures of entablature and colonnade have been interpreted as indicating 
that the entablature cooled more rapidly than the colonnade. The higher rate of cooling 
in the entablature apparently accounts for its irregular fracture pattern’ and has been 
attributed to quenching of the flow interior due to water influx from flooding of the 
partially molten flow.* The flooding was probably caused by disruption of drainage by the 
emplacement of the flow itself. 

In this paper, we report data on compositional variation of augite and pigeonite in 
entablature and colonnade from two flows, the Cohassett and Umtanum, which are candidates 
for an NWRB. The data are consistent with the suggested difference in cooling rates be- 
tween the entablature and colonnade. This work is part of an overall BWIP effort to both 
characterize the mineralogy of the basalts in order to understand geochemical reactions in 
an NWRB and to determine the extent and nature of fractures in the vicinity of an NWRB. 


Methods 


The analyses were performed with an automated Cameca electron microprobe with three 
wavelength-dispersive spectrometers. The accelerating voltage was 15 kV with a 30nA ab- 
sorbed current and a lu beam diameter. The samples were collected from surface exposures 
of the Cohassett and Umtanum flows at locations where entablature and colonnade could be 
readily identified. The samples were prepared as polished thin sections that were coated 
with 300 A of carbon. A suite of appropriate mineral standards was used and the data re- 
duced by a ZAF program. 


Results 


Representative analyses of augite and pigeonite from two flows are given in Table l, 
and comparison of analyses from two samples, one each from entablature and colonnade, is 
illustrated in Fig. 1. The augite analyses typically range from Wo,, En,, FS,, to WO39 
En3q Fs,9, whereas the pigeonite analyses range from Wo,,g Engg Fs3g to Wo,g Engq Fs¢q- 
As illustrated in Fig. 1, the pigeonite grains in some entablature samples are tightly 
clustered with little iron enrichment. In other samples, especially from the colonnade, 
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TABLE 1.--Representative electron microprobe analyses of pyroxenes (wt.%) from the 
Cohassett and Umtanum flows. 


C9018 PX1i-12 
(entablature 
~augite) 


C9018 PX1-36 
(entablature 
-pigeonite) 


C9017 PX1-5 
(colonnade 
-augite) 


C9017 PX1-45 
(colonnade 
-pigeonite) 


Oxide 


Cohassett flow 


Naz0 .3 1 ae 0.1 
MgO 6 4 uy 10.8 
Al203 9 9 3 0.6 
$109 0 2 “1 49.8 
CaO .0 4 8 4.3 
Tid 7 5 5 0.5 
Fed 6 1 4 32.8 
MnO 3 6 3 0.8 
Total 99.3 99.9 
Woa 11 10 

End 54 33 

Fsc 35 57 


Umtanum flow 


C8096 PX2-92 
(entablature 
-augite) 


C8096 PX2-25 
(entablature 
~pigeonite) 


C2251 PX1-55 
(colonnade 
~augite) 


C2251 PX1-23 
(colonnade 
-pigeonite) 


Naz0 -2 el 0.3 0.1 
MgO -0 ./ 12.9 19.5 
A1703 wt 8 1.6 0.8 
Si09 9 «2 50.7 52.4 
Cad 9 9 16.3 4.9 
TiO 9 25 0.98 0.5 
Fed e3 Pe 14.8 21.8 
MnO -4 25 0.3 0.5 
Total 99.8 100.4 
37 10 
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Wo = percentage wollastonite endmember. 
En = percentage enstatite endmember. 
CFs = percentage ferrosilite endmember. 
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the pigeonites show strong 
iron enrichment. The rela- 
tive proportion of augite and 
pigeonite are reversed in 
these particular samples of 
entablature and colonnade 
from the Umtanum flow (Fig. 1). 
In contrast, entablature sam- 
ples from the Cohassett flow 
exhibit only minor pigeonite, 
whereas the colonnade samples 
have pigeonite abundances 
Similar to Umtanum colonnade. 
These differences occur in 
spite of the virtually iden- 
tical chemical composition 

of entablature and colonnade 
in a given flow. Composi- 
tions intermediate between 
the main groupings of augite 
and pigeonite also occur; 
presumably they represent 
either submicroscopically 
unmixed pigeonite or analyses 
where the beam intersected a 
boundary between augite and 


pigeonite. 
En Fs Typical textural rela- 
FIG. 1.--Comparison of pyroxene quadrilateral plots for tionships among pigeonite 
(a) Umtanum entablature (Sample C8096) and (b) colonnade and augite grains are illus- 
(Sample C2251). Pigeonite analyses plot in lower cluster trated in Fig. 2. Pigeonite 
in (a) and augite in the upper cluster. Di, diopside; Hd, occurs aS rims on augite, as 
hedenbergite; En, enstatite; Fs, ferrosilite. grains that are optically 


continuous with augite, and 
as individual grains. Details of the textural and compositional relationships between 
pigeonite and augite suggest that the occurrence of pigeonite is controlled in at least 
two ways: (1) by composition of the residual liquid in late stages of crystallization, 
and (2) by preservation of early formed microphenocrysts of pigeonite due to relatively 
rapid cooling. 


Discusston 


A previous study® has shown that primary microphenocrysts of pigeonite were present on 
eruption of the flows and that pigeonite is stable at high temperatures at one atmosphere, 
but may react to form augite as the basalt crystallizes. In the case of the Umtanum en- 
tablature, early-formed pigeonite was apparently preserved; that is, was not resorbed or 
did not react to augite. In the case of the colonnade, most of the abundant early-formed 
pigeonite apparently reacted out. More complete crystallization of colonnade relative to 
the entablature resulted in significant occurrence of late-formed iron-rich pigeonite. 

Abundant pigeonite is not present in the entablature of the Cohassett flow but is pre- 
sent in the Cohassett colonnade in amounts and compositions similar to those in the Umtanum 
colonnade, Thus, in the Cohassett entablature, cooling conditions were such that micro- 
phenocrysts of pigeonite could react out but crystallization did not proceed far enough to 
develop iron-enriched pigeonite rims on augite. 

The most reasonable explanation of the occurrence of abundant pigeonite in the Umtanum 
entablature is a high cooling rate, which prevented resorption or reaction of early-formed 
pigeonite and that may have suppressed nucleation of augite. In the Cohassett entablature, 
the cooling rate was somewhat lower, such that early-formed pigeonite was resorbed or re- 
acted to augite; the cooling rate was high enough, however, to prevent formation of late- 
stage pigeonite. The apparent instability of intratelluric pigeonite microphenocrysts in 
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the Cohassett entablature may also 
partly reflect the slightly higher 
calcium content of the Cohassett 
relative to the Umtanum. Colonnade 
samples from both the Cohassett and 
Umtanum flows apparently cooled the 
slowest such that much of the early 
pigeonite reacted out and late- 
stage pigeonite was well developed. 
These general relationships of 
cooling rates approximately match 
those based solely on textural in- 
terpretations.!~ 


SUMMNaALryYy 


The abundance and composition 
of pigeonite are variable within 
Single flows of basalt in spite of 
uniform bulk composition. These 
variations are spatially related 
to the occurrence of entablature 
and colonnade, which in turn appar- 
ently reflect the cooling history 


FIG. 2.--Secondary electron image of pyroxene in of the flow. Differences from one 
Umtanum entablature (Sample C8094) showing charac- flow to another in the occurrence 
teristic occurrence of pigeonite (Pgt) and augite of pigeonite may be explained by 
(Aug) . the extent to which early-formed 


microphenocrysts of pigeonite react 
out during crystallization of the flow and the extent to which late-stage pigeonite rims 
are developed. The preservation of pigeonite in the entablature of flows such as the 
Umtanum tends to corroborate the proposed origin of entablatures and their attendant frac- 
ture patterns by relatively rapid cooling of the interior of these flows. 
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A MICROPROBE STUDY OF SILVER ORE IN NORTHERN IDAHO 
C. R. Knowles 


An electron microprobe study was made on thirty-five ore samples from seven mines in the 
Coeur d'Alene mining district in the panhandle of northern Idaho, in the Bitterroot Moun- 
tains near the Montana border. The district is about 5 miles wide and 25 miles long. The 
region produces about half the silver in the USA and is also a producer of lead, zinc, 
antimony, and copper.' Only a few mines are still in production between Wallace and 
Kellogg, Idaho. These active mines (Lucky Friday, Galena, Coeur, and Sunshine) produce 
mostly silver, with lead, zinc, cadmium, antimony, copper, and gold as byproducts and 
co-products. These mines are among the deepest in the world, with shafts of over 2400 m 
(8000 ft). Because of high operating costs and poor market prices, two mines (Bunker Hill 
and Star-Morning) have closed recently. 

Ore samples were collected from seven of these deep mines (Sunshine, Bunker Hill, Star- 
Morning, Lucky Friday, Galena, Page, and Atlas). Samples were collected from diverse re- 
gions within the mines, both vertically and laterally. The sample numbers in Table 1 show 
the depth (e.g., SM7700-106 is from the 7700ft level). The Page mine and the Atlas mine 
have been closed for years, and a single sample for each was obtained from a mine sample 
collection. 

Geologists have believed that silver is present in solid solution with galena, PbS, in 
a relationship of 1% Pb correlated to 1 oz/ton (34 ppm) of Ag. If 1 oz/ton of Ag is in 
solid solution, a silver value of 0.3% mixed with galena would be expected. To test this 
hypothesis, samples of inclusion-free "pure" galena were examined with an ARL and a CAMECA 
electron microprobe to measure the quantity of Ag in the galena matrix. Both microprobes 
have a detection limit of less than 0.1% Ag. No Ag from any of the thirty-five samples 
could be detected in solid solution with galena. 

However, Silver was present in nearly all ore samples as discrete mineral grains. The 
most common mineral is argentiferous tetrahedrite, (Cu,Ag))2Sby$ 13, with some small inciu- 
sions of polybasite, Ag),¢Sb25) , present. X-ray scan photographs show that in these sil- 
ver-rich regions the tetrahedrite commonly forms a rim around sphalerite, ZnS 
grains. The silver minerals are generally very small and, in some samples, less than 1 um 
in size; thus, only the larger inclusions could be quantitatively analyzed. 


Expertmental Procedure 


The ore samples were cut into one-inch blocks, mounted in room temperature polymerizing 
epoxy resin, polished to less than 1] um relief with diamond paste, and coated with approxi- 
mately 100 A of carbon. In one sample, four single crystals were extracted from a vug, 
placed on a glass slide with epoxy, and polished flat and smooth. 

An ARL-EMX-SM electron microprobe was used operating at 15 kV and 0.1 uA reference 
current (approximately 1 nA sample current). Pure metals (> 99.9% purity) and reference 
minerals were used as standards. Background, dead time, and ZAF corrections were made. 
Table 1 shows the analysis for Ag and the assay values of the bulk ore. Table 2 shows 
total analyses of four tetrahedrite, (Cu,Ag),25byS)3, crystals that were found in a vug in 
Sunshine mine ore. 

To analyze the silver content it was necessary to find a silver-rich area on the pol- 
ished section. We did that by tuning a crystal spectrometer to the silver X-ray line, 
traversing around the sample until the ratemeter indicated high intensity, and then ana- 
lyzing that area. 

To see whether Ag was present in the galena matrix, very careful off-peak background 
measurements over a long period (100 s) were used to compare with the peak position. This 
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TABLE 1.--Microprobe analysis and assays of ore samples. 


Microprobe Assay Assay Ratio 
Sample Number Silver Silver oz ik ead % Ag:Pb 
LF2600-094 4.4 42.0 Be 0.74 
LF2600-102 Lie0 60.0 40 1250 
LF2600-104 23.1 60.0 40 1.50 
LF4450-090 17.9 55.0 48 1.14 
LF4450-101E 22.4 55.00 43 1.30 
LF4450-103F INE 12.2 53.0 56 0.95 
LF4450-103COARSE 12.9 47.0 42 1.2 
1F4450-105 19.0 40.6 34.5 1.18 
LF4450-109 -0- 59.0 S055 1.66 
SM1450 -0- 2255 5.10 0.50 
SM4300-127 25-0 3.78 3.56 1.06 
SM4500-127MB 24.0 4.21 4.58 0.92 
SM5300-154GALENA 14.2 
SM5300-154TETRAHEDRITE 9.5 19.84 0.41 48.4 
SM6500-113 Val ee 3.19 4.72 0.67 
SM7500-109W 24.0 2.70 5.96 0.45 
SM7700- 10MWW -0- 1.95 6.00 0.32 
SM7700-106 69.2* 1.38 2e25 0.61 
G4000-94 19.6 
G4000-104 L533 15:2 
G4300-164E 71.0* 
G4300-164EB 34.7 9.5 13.6 0.70 
G4600- 164 ~0- 130 14.9 0.74 
G4900-MB -0- 
$3700-72 S<5 
$5200-13 -0- 
B2300-16-132 1827 46.0 56.0 0.82 
B2300-21-23 8.2 22.0 58 .0 0.38 
B2500- 16-23 14.8 


* Polybasite. LF--Lucky Friday mine; SM--Star Morning mine; G--Galena mine; 
S--Sunshine mine; B--Bunker Hill mine. 


ee RA Linnea I LA NIN LSA ORIN A AIAN AIR eH od ng hl 


TABLE 2.--Microprobe analysis of tetrahedrite--Sunshine Mine. 


eth pa eI: HL ON RETREAT NAR EA OOM GEE LHRH mee FOE tA AE OM EPL RM eo otek nel he ela nem enteh S oe R SE EAL A Samaras os cet mm ee eee te ew ane teenie amm 


Nea ay ee ermacennee, Presta gale elect aime ee, ae ell ay cere ei 
#1 32.7% 26.7% 8.9% Lee 4.5% 2.3% 23.7% 
#2 34.6 26.8 6.5 Zat 4.7 2.4 2009 
#3 SL.7 26.9 PS) 1.6 od 1.6 aes. 
#4 34.0 26.8 8.2 Led 4.7 20 C3e 7 

Average 33.2 26.8 863 2.0 4.7 Cie 23.8 


Formula Analysed (Cug goFe, 522Mq ¢2Ag, 4) (Sbz gASy £)S13 


2 
Idealized Formula CU 94 SPgay>13 where 0<x<1.92 and -0.02<y<0.27 


62 


procedure was also done by means of a CAMECA probe at the Washington State University 
geology department in addition to the ARL instrument. The sensitivity on both instruments 
at long counting times is better than 0.1% for silver. 

Silver-rich regions were examined by means of scanning x-ray photographs and 
backscatter electron imaging (Fig. 1). 


Results 


No silver could be detected in the galena matrix above a low detection limit of 
less than 0.1%. Hundreds of regions were examined on each sample. The silver was present 
interstitially as discrete minerals in the galena. The two minerals found were argentif- 
erous tetrahedrite, (Cu,Ag) ]2Sbu5,3, and polybasite, Agi¢Sb2S;,;. In a few samples no 
silver could be found in the matrix or as discrete minerals. The particular section exam- 
ined may have been devoid of silver minerals, or they may have been missed by the probe 
owing to the small size of some of these inclusions. 


Conelustons 


The assay results for silver and lead and their ratios are shown in Table 1. The ore 
vein assays have approximate ratios of 1:1 for Ag to Pb. We would expect to see at least 
0.3% of Ag in the galena matrix. It could not be measured; however, most samples contained 
very fine inclusions of silver-rich minerals that would give spurious results if bulk 
analysis was used. Only microprobe methods could measure most of these inclusions. 
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(b) 


FIG. 1.--(a) Backscatter electron scan image of sample SM7700-106 and (b) corresponding 
x-ray scan images of elements Ag, Cu, Sb, and Pb; lcm grid can be seen and corresponds to 
10 um scan length. In BSE scan G is galena area and Po is polybasite (the dark region). 
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STRUCTURE AND COMPOSITION OF COMPLEX PYRITE ORE FROM SOTIEL (HUELVA, SPAIN) 
F. A. Calvo and J. M. Guilemany 


Samples of the complex pyrite ore from Sotiel (Southwest Spain), which is claimed to belong 
to the largest complex pyrite reserves in the world, have been studied by optical micro- 
scopy (OM), Scant Tig electron microscopy (SEMO, and electron probe microanalyzer (EPMA). 
From the results! a magmatic origin is proposed and recommendations for the optimum benefit 
are made. 


Structure 


A preliminary examination of polished surfaces of the ore by conventional optical 
microscopy showed three sulfides other than pyrite; Sphalerite, galena, and chalcopyrtte, 
located in cavities (fissures and intercrystalline spaces). Pyrite mineralizes a host 
rock where the quartz crystals are cemented by carbonates, such as dolomite and siderite. 

The pyrite crystals are clearly idiomorphic, whereas the other sulfides are allotrio- 
morphically distributed between the pyrite crystals. Bournonite, boulangertte, pyrrhotite, 
stanntte, tetrahedrite and zinckentte have been identified, however in smaller proportions, 
in similar position. Arsenopyrite, which has been also found, exhibits a characteristic 
idiomorphic form. 

Bulk chemical analysis* (3.82 wt.% Zn, 1.60 wt.% Pb, 0.61 wt.% Cu, 37 wt.% Fe, together 
with other metallic elements) shows that sphalerite is the main of the major mineral con- 
stituents, apart from pyrite. Galena occurs as anhedral grains of different sizes associ- 
ated with sphalerite, chalcopyrite, and sulphosalts which are rich in Pb and Cu. Chalco- 
pyrite is the least abundant of the four major sulfides identified in the Sotiel ore. It 
normally occurs as small crystals, precipitated in the sphalerite, but large ones are also 
found. 

Ore samples were broken, after being cooled in liquid air, and covered with a gold 
film (200 A) by sputtering. The fracture surfaces were ebserved by SEM both before and 
after etching. At low magnification (Fig. 1) aggregates of very different crystals of 
sulfides can already be seen in the as-broken condition; these minerals have a very small 
particle size, which enhance the difficulties of the metallurgical treatment of this ore. 

At higher magnifications the following interesting details were observed; 


1. The pyrite crystals are clearly idtomorphic, their sizes ranging from large ones, 
twined or not (which, when broken, exhibit conchoidal fracture) to very small crystals of 
4-5 um). 

2. The idiomorphic pyrite crystals are soaked on allotriomorphic sphalerite (Fig. 2) 
which replicates the surface details of the pyrite (Fig. 3). 

3. There is practically no cohesion between the sphalerite and the pyrite crystals; 
both minerals can be easily separated (Figs. 3 and 4). 

4. On the sphalerite surface (Figs. 3 and 4), small crystals of chalcopyrite can be 
seen; in some places those crystals were loosened during the fracture and the corresponding 
cavities were left behind. These crystals are polyhedric and have sizes ranging from 0.75 
to 1 um; this fact accounts for the difficulty of its "liberation" by ore grinding. Large 
aggregates of chalcopyrite crystals have been found at sphalerite grain boundaries and in 
the contact sphalerite-pyrite. 

5. Galena appears on the fracture surface with its characteristic stepped cleavage 
(Fig. 6). In whatever way it happens to be in close contact with pyrite crystals, fracture 
details show that there is no cohesion between pyrite and galena. 

6. The contact pyrite sphalerite was such that perfect replications of idiomorphic 

Author Calvo is at the Departamento de Metalurgia, Facultad de Ciencias Quimicas, 

Universidad Complutense, Madrid; author Guilemany, at the Universidad de Barcelona. 
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FIG 1 oe ; wae Ct . oo FIG. 2 
Fracture surface of Sotiel ore, showing vary- Idiomorphic pyrite crystals included in 
varying sizes and morphologies of various sphalerite. 


constituents (phases). 


FIG. 3 Et : _. FIG. 4 

Sphalerite lying on pyrite crystals. Lack of coherence between pyrite and 
sphalerite. 

FIGs: 5 FIG. © 

Small chalcopyrite crystals dispersed in Galena crystals between pyrite crystals. 


sphalerite matrix; note rounded morphology 
and imprints in matrix. 
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pyrite crystals can be seen on the allotriomorphic sphalerite (Fig. 7, imprints A, B, C, 
D, E, F, G, H, is a pyrite crystal). The small chalcopyrite crystals, already reported 
(Figs. 3-5), or their cavities, can be seen also reproduced in the sphalerite/pyrite 
boundary (Fig. 8). Galena crystals also left their "imprints" behind on the sphalerite 
surface fracture. 

7. Monoclinic arsenopyrite crystals were also found (see a twinned form in Fig. 9). 
Peculiar morphologies for other allotriomorphic sulfides were also observed. 

8. Fracture surfaces were etched for selected chemical dissolution of the constitu- 
ents; in this way the pyritic "skeleton" of the complex ore was shown. In Fig. 10 pyrite 
crystals can be seen after surface fracture etching for 3 min using concentrated hydro- 
chloric acid at 100°C. The sphalerite matrix being in a dissolution process, the small 
chalcopyrite crystals appeared, undissolved, on the surface of the remaining sphalerite. 
After a slightly longer attack (5 min, Fig. 11) the pyritic "skeleton" of the bulk complex 
ore can be seen, formed by pyrite crystals of different sizes. Some of them exhibit 
growth defects (cavities) which were filled up with sphalerite; others are "unfinished" 
because they were growing when the process ended. 


The chemical composition of the major and minor constituents was established by quali- 
tative and quantitative microanalysis EPMA, with conventional polished specimens covered 
with a fine carbon layer; Table 1 summarizes the nature of the minerals (mainly sulfides) 
that were properly identified in the Sotiel ore according to the composition. Some ele- 
ments were detected in solid solution, as is recorded. 


Discusston 
The structural facts that have been observed are: 


high compactness; 

lack of cohesion between the mineral constituents; 

imprints of the idiomorphic crystals on the allotriomorphic constituent; 

perfect replication even of the minute details of the "casted" crystal; 

complex and not quite stoichiometric chemical composition of the constituents; and 
solid solution of some elements in the identified minerals. 


homamaowp 


These facts lead us to propose a magmatic origin of this ore. 

Supposing that, in the magma, a sulfidic molten phase--whose components were the ele- 
ments detected in the ore--was segregated. On slow cooling, from the multicomponent and 
initially homogeneous system, the corresponding equilibrium phases would have precipitated, 
or solidified, according to their stability in the new conditions (lower temperature). 

The result would be the successive, or simultaneous, formation of the various phases (min- 
eral compounds) that are found in the ore, whose composition, size, form, and distribution 
are the result of the thermodynamic conditions and kinetic requirements applied to that 
multicomponent system. Pyrite and arsenopyrite appear idiomorphic because they were 
nucleated and grew in a melt. Sphalerite, allotriomorphic, would have been the last molten 
phase to solidify. 

Experiments are in progress to reproduce the magmatic state by mixing elements in the 
right proportions. The results are encouraging. 

Because of the very fine grain size of some of the phases which contain metallic ele- 
ments in solid solution, complete differential separation based on physical methods of 
concentration should be discarded. Instead, a global sulfide concentration by flotation, 
followed by a hydrometallurgical process, seems to be advisable. 


ConeLlustons 


1. The microstructural facts discussed support the idea of a magmatic origin for the 
Sotiel ore. The actual constituents of the ore were formed on solidification of a molten 
magma. 

2. Global flotation of the ore and hydrometallurgical treatment are suggested in 
view of the nature and size of the mineral constituents. 
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BiG. oo FIG. 8 

Imprints of pyrite crystals on sphalerite; Large imprint on sphalerite of pyrite crys- 

a crystal (H) has been retained. tals; smaller imprints from chalcopyrite. 

FIG. 9 ne coe a ee FIG. 10 

Twinned arsenopyrite crystal. Sphalerite in process of being dissolved in 
concentrated hydrochloric acid (100°C, 3 min); 
pyrite and chalcopyrite crystals not affected. 

FIG. 11 FIGs. 12 

"Skeleton'' of ore, observed after etching in Idiomorphic pyrite crystal included in allo- 


concentrated hydrochloric acid (100°C, 5 min); triomorphic sphalerite. Synthetic ore 
note intracrystalline defects in idiomorphic samples. 
pyrite crystals, 
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TABLE 1.--Microanalysis EPMA: Chemical composition of various sulfides associated in Sotiel 


ore. 
~ Element 
Wt % Fe 7 AS or Mn 1Co 1A 
Minerals | J 
Bournonite oe | 0,5 40,6- 41) 15-15 ,9°20 - 20,51 2,6 & L 
Arsenopyrite ee ee a 
Be 31,1 j 45,5 
% Fe present in excess of stochiometric composition 
% % Cu present in excess of stochiometric composition. 


¥¥% Fe %+m%+Ag % = 10 % in solid solution. 
xexx Between 0,4 and 1,65% in solid solution. 
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2 
Quantitative Microbeam Analysis 


SIMULTANEOUS ELECTRON AND X-RAY SPECTROMETRY IN A SCANNING TRANSMISSION ELECTRON MICROSCOPE 
L. E. Thomas 


Energy-dispersive x-ray spectrometry (EDXS) and electron energy loss spectrometry (ELS) are 
both used in transmission and scanning transmission electron microscopes (TEM/STEMs) for 
elemental analyses of micro-areas. For microanalysis, the microscope is operated with a 
focused convergent electron probe--usually in the scanning transmission mode--first to 
image the specimen microstructure and then to set the probe on a selected specimen region 
of interest to excite characteristic electron energy losses and x rays. The STEM equipped 
with a field-emission electron source provides probes as small as 2 nm in diameter with 
ample current for ELS or EDXS of thin foil or particulate samples.’ Moreover, by perform- 
ing both EDXS and ELS in a field emission gun STEM one should be able to analyze thin foil 
regions as small as 5 nm in diameter for nearly all elements. To obtain 5 nm spatial re- 
solution in analysis, however, the specimen must in general be less than 30-50 nm in thick- 
ness. 

Although microanalysis of elements lighter than sodium is usually left to ELS, ultra- 
thin window (UTW) EDX detectors which are sensitive to elements as light as carbon have 
been adapted to TEM/STEMs. 7 The UTW detector uses a 0.15-0.3um window of aluminum or alum- 
inum-coated parylene (Cv A) in place of the conventional 7ym thick beryllium window, and 
can detect about 10% of the carbon x rays or 40% of the oxygen x rays that hit the detector 
window.*® Even with a UTW dectector, however, there are advantages in performing both EDXS 
and ELS. Besides providing a combination of quantitative elemental, chemical, and specimen 
thickness information that is not available fromeither individual technique, EDXS and ELS 
can be performed simultaneously to assure that the specimen composition, thickness, and 
crystal orientation, and the electron probe conditions, are identical for both types of 
analysis. This paper describes simultaneous EDXS and ELS analysis with an electron spec- 
trometer and a UTW x-ray detector on a 100 KV field-emission-gun STEM. Applications of 
this system used as examples include quantitative analyses of metal carbide and oxide phases. 


Equtpment and Spectmens 


The microscope used in this work is a Vacuum Generators model HB-501 STEM which is 
equipped with a cold field-emission electron source, double condenser lens, virtual objec- 
tive aperture (VOA), and a +40° x-y tilting beryllium-tipped specimen cartridge. The VOA 
is a probe-forming aperture located near the electron source (as far from the specimen as 
possible) to minimize x-ray incidence at the specimen. For microanalysis operation, the 
VOA size determines the probe current, the double condenser lens inversely varies probe size 
and probe convergence, and a "selected area'' aperture which is optically conjugate to the 
object plane of the objective lens acts as a splash aperture to reduce the flux of x rays 
and uncollimated electrons in the probe further. A Gatan model 607 double focusing, second- 
order corrected magnetic sector type electron spectrometer and a Kevex model 6 UTW detector 
are adapted to the STEM as shown in Fig. 1. The UTW detector has an active area of about 
8 mm* and can be inserted to 22 mm from the specimen by means of a 0.2m bellows motion. 

For periodic bakeouts of the STEM, the UTW detector can be interchanged with minimal vacuum 
disturbance, via a double vacuum-valved airlock. A Tracor-Northern model 2000/4000 compu- 
ter-based multichannel analyzer was used for simultaneous EDXS and ELS data acquisition and 
for analysis. 

The specimens included hot-pressed Cr,C, obtained from CERAC Corp., yttria-stabilized 
cubic Zr0,(CZ), and a standard of TiC, ,, which was obtained through the courtesy of Prof. 
A. H. Heuer at Case Western Reserve University. The Cr,C, and CZ specimens were sliced by 


The author is at the Hanford Engineering Development Laboratory, Box 1970, Richland, 
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low-speed diamond sawing, ultrasonically cut 
into 3mm-diameter disks, polished and dimple- 
ground with diamond paste, and ion micromilled 
to perforation at their centers. Vendor-inde- 
pendent total carbon analysis of the Cr,C, gave 
a carbon concentration of 13.24 + 0.01 wt.%, 
in good agreement with the value expected from 
stoichiometry. 


Chotee of Operating Conditions 


Previous characterization of the HB-501 
STEM’ showed that the smallest probes with 
enough electron current (2-4 nA) for analysis 
of thin foils with the UTW detector were 2 nm 
in diameter at a convergence half-angle o of 
10 mrad. At larger convergence angles the 
probe size increases rapidly since it is then 
controlled by spherical aberration in the ob- 
jective lens. If the highest spatial reso- 
lution is not needed, however, much larger 
probe currents can be obtained by an increase 
in the convergence. Probe currents as great 
as 16 nA were obtained with 5-6nm diameter 
probes with a = 16 mrad. Under these con- 
FIG. 1.--Electron-optical column of HB-501 ditions, 40-50nm-thick specimen regions typ- 


STEM with (a) electron spectrometer, ically yielded total x-ray count rates of 

(b) ultrathin window Si(Li) detector, (c) about 1000 cps. Probe diameters from 2 to 6 
virtual objective aperture, (d) diffrac- nm, and convergence angles from 10 to 16 mrad 
tion viewing TV camera, and (e) specimen were used for most analyses in this work. 
exchange. Operation of the HB-501 STEM with the high 


excitation objective lens, virtual objective 

and selected area aperture, and no objective aperture produces very low x-ray hole counts 
and allows no electrons to reach the x-ray detector. Also, the detector elevation angle 
of 15° at the closest detector approach to the specimen yields low x-ray backgrounds due 
to continuum x rays. Figure 2 shows a spectrum obtained from TiC, 5, with the specimen 
tilted 20° toward the UTW detector. A hole count taken with the same probe moved about 
40 nm off the edge of the specimen (Fig. 2b) contains fewer than 10 counts over the entire 
0.2-10keV spectrum. More often, the hole count rate was 1 cps over the entire spectrum. 

The high-excitation objective lens also affects ELS operation since the lens postfield 
demagnifies the diffraction pattern by about 4.6 times at the lens excitation used in this 
work. There are no other postspecimen lenses in the microscope. With a choice of four en- 
trance apertures in the electron spectrometer, the spectrometer entrance half-angles (re- 
ferred to the specimen) could be varied from 12 to 30 mrad. For most work, an 18 mrad ac- 
ceptance half-angle was used. The ELS slits were adjusted to maintain the spectrometer 
energy resolution at an arbitrarily chosen value of 1.5 eV, measured as the FWHM of the 
zero loss peak. By closing the slits further it was possible to obtain a resolution of 
about 0.35 eV. 


Stmultaneous EDXS and ELS Data Acquisttion 


Most simultaneous data acquisitions were performed for 100 s of live time by acquisi- 
tion of the data into halves of a 2048 channel memory. With the TN 2000/4000 multichannel 
analyzer, EDXS data acquisition has to start before and end after ELS acquisition. For all 
but the thinnest specimen regions, the automatic correction for instrument deadtime in PHA 
acquisition extended the actual counting time enough to avoid any timing problem. The ac- 
quisition could be started by either manual or computer program control and ended automat- 
ically in the required sequence. Usually, the ELS data were acquired in two 50s scans of 
the spectrometer magnet, at 50 ms per data channel. The low energy loss part of the 
spectrum was counted with a 1MHz voltage-to-frequency converter and the high loss part by 
single electron counting, with automatic changeover between counting modes at a preset. 
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FIG. 2.--(a) X-ray spectrum from TiC, ,, stan- 
dard, obtained with 2nm-diameter, 3nA electron 
probe. (b) Corresponding x-ray hole count ta- 
ken with electron proble 4 nm from specimen 
edge. 
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FIG. 3.--ELS spectrum acquired from low to high 
energy losses at 50 ms/channel from TiC, _ 
(dotted curve). Solid spectrum shows background 
contribution due to scintillator or photomulti- 
plier afterglow. 


data channel. The gain change between 
counting modes was a factor of 375. 

Several instrumental problems were 
found in the course of the work. The 
UTW detector developed a pinholed window 
and, subsequently, a broad spurious peak 
which appeared at energies just below any 
major x-ray peak. Also, the analog-to- 
digital converter in the multichannel 
analyzer was found to be adding noise to 
the x-ray spectra. These problems were 
corrected. In the electron spectrometer, 
it was found that the NE 161 plastic scin- 
tillator/photo multiplier gives a pro- 
nounced afterglow as the spectrometer is 
scanned through the zero loss peak. The 
afterglow produced spurious counts mainly 
in the low loss region of the spectrum 
during 50 ms per channel data acquisition 
as shown by the specimen and hole count 
spectra in Fig. 3. With data acquired at 
higher scan rates, the afterglow swamped 
the low-loss region and also affected the 
high-loss region of the spectrum. Since 
this problem affects thickness measure- 
ments and absolute quantitation, which 
both use the low-loss region, initial 
efforts to analyze the data involved fit- 
ting and stripping normalized hole count 
spectra from the sample spectra. After 
the problem was recognized, the ELS data 
were acquired by scanning of the the 
spectrometer from high to low losses and 
by providing a delay between repeated 
scans. A further problem that affected 
ELS data analysis was caused by limited 
count rate throughput of the ELS/MCA 
equipment. In the single-electron count- 
ing mode, the response became nonlinear 
above 1.5 MHz. The nonlinear counting 
response appeared in spectra from rela- 
tively thick specimen regions as appar- 
ently anomalous gain changes at the 
changeover between analog and pulse 
counting modes. The ease with which 
artifacts in EDXS and ELS can pass un- 
noticed makes it important to character- 
ize each analysis system thoroughly. 


Analysts of Metal Carbitdes 


One of the main contributions of ELS 
in the analysis of light elements is its 
ability to distinguish different types of 
chemical bonds. The K edge structures 
from various forms of carbon, for example, 
are highly distinctive,’ and can be used 
to distinguish between hydrocarbon con- 


tamination on the specimen surfaces and the carbon in a metal carbide. Figure 4 shows 
several of these characteristic carbon edge structures. The diamond spectrum was obtained 
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FIG. 5.-~-EDX spectra obtained by simultan- 
eous data acquisition with the ELS spectra 
shown in Figs. 4(a) and (b). (a) CE.Cr 3 
(b) diamond particle from Cr,C, sample. 


FIG. 4.--Characteristic carbon K edges in ELS 
wspectra from (a) CrC.. (b) diamond, and (c) 
carbon contamination on surface of a Cr,C, 
eee =—specimen. Carbon contamination is easily 
ws-2048 715-2 distinguished by characteristic shape of 
carbon K edge. 
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from the Cr,C, specimen, which had been polished using diamond paste. Amorphous car- 
bon produced by vaccum evaporation as an anticharge coating or, as in Fig. 4(c), by hydro- 
carbon contamination under the electron probe during analysis, is characterized by a small, 
narrow peak at the abrupt edge onset and a broad single peak after the edge. The carbon 
K edges from metal carbides characteristically show two sharp peaks of equal height, but 
differ very little among MC, M,,C,., and Cr,C, phases. 

Although the UTW detector is much less sensitive to carbon x rays than it is for heav- 
ier elements, the x-ray spectra from Cr,C, and TiC, ,, shown in Figs. 2 and 5 exhibit car- 
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bon x-ray peaks that are large enough and sufficiently resolved from the Ti and Cr-L x-ray 
peaks to allow quantitative analysis. The x-ray spectra in Fig. 5 from Cr,C, and diamond 
were acquired simultaneously with the ELS spectra shown in Fig. 4. Without the correspon- 
ding ELS spectra, it would be difficult to ascertain that the small carbon x-ray peaks 
from the metal carbides are from the specimens rather than from surface contamination. 
Tests with the STEM showed that initially clean specimens not containing carbon often re- 
mained carbon-free for at least 1000 s under a stationary probe. However, contamination 
rates vary widely from specimen-to-specimen. 

For quantitative analyses of carbide standards, EDXS and ELS spectra were collected 
from regions of different thickness, ranging from the thinnest that could be found in the 
ion-milled specimens to the thickest that yielded detectable carbon K edges in the ELS 
spectra. ELS spectra from areas about 50 nm in thickness were also taken with a range of 
probe convergence and spectrometer collection angles to compare the effects of different 
operating conditions. The specimen orientations were set by use of the microbeam dif- 
fraction patterns to avoid exciting any strong Bragg reflection. Relative specimen thick- 
nesses were obtained from the ELS spectra from® 


t/A,, = In(I,/1,) (1) 


where t is the thickness, 4, is the "plasmon" mean-free path, I, is the total intensity 

in the low-loss spectrum, and I, is the intensity of the zero loss peak. To avoid error 

in the measurement of I, due to scintillator afterglow, a low-loss intensity I, was found 
by stripping suitably scaled ELS hole count spectra from the specimen spectra; I, was ta- 
ken as the sum of I, and I,. This procedure was not needed for ELS spectra acquired by 
scanning of the spectrometer from high to low losses. Also, the thickness measurements 
were calibrated by measurements of absolute thicknesses from steroscopic micrographs and 
convergent beam diffraction patterns that were taken from some of the same regions analyzed 
by EDXS and ELS. The ELS edge intensities were found by use of the Tracor Northern com- 
puter program ELS4 to model and strip the spectrum backgrounds under the edges. This pro- 
gram also calculated partial ionization cross sections for the K and L edges by use of 
Egerton's hydrogenic atom model programs SIGMAK and SIGMAL.°’’ We analyzed the EDX spectra 
by modeling and stripping the backgrounds, and then directly integrating the x-ray peak 
Intensities. 

To illustrate the effects of specimen thickness on the carbide analyses, Fig. 6 shows 
corresponding EDXS and ELS spectra acquired simultaneously from TiCy.94 at relative thick- 
nesses t/A, from 0.57 to 2.67. The ELS spectra in this example were acquired from high to 
low energy losses to eliminate scintillator afterglow contributions to the low-loss regions. 
A measurement of A, (85.2 nm) yielded absolute thicknesses of 48.5, 146, and 227 nm. At 
the largest thickness, nearly all electrons have suffered multiple inelastic scattering 
and the carbon edge is lost against the background of inelastically scattered electrons. 

At the intermediate thickness, the carbon edge is still visible, but the Ti-L edge clearly 
shows the effects of multiple scattering. It would be of interest to try to recover the 
single-scattering distributions by deconvolution of these spectra. The main effect of in- 
creasing specimen thickness on the EDX spectra is to decrease the carbon K and titanium L 
x-ray intensities relative to the titanium K intensity due to preferential self-absorption 
of the softer x rays. However, the carbon x-ray peak is still significant at thicknesses 
beyond those which yield a detectable carbon signal in ELS. Of course, at such thicknesses 
the electron probe is considerably broadened in the specimen due to the inelastic scatter- 
ing. 

: In Figure 7, the measured carbon K/titanium K x-ray intensity ratios and the carbon/ti- 
tanium atom ratios determined by ELS are plotted against relative specimen thickness. ‘The 
dashed curve in the x-ray intensity ratio plot is the result of an x-ray self-absorption 
calculation for TiC , based on the mass-absorption coefficients tabulated by Henke and 
Ebisu.® For this caiculation, the specimen density was taken as 4.93 g/cm*, and the x-ray 
pathlength in the specimen was 1.74 times the specimen thickness--based on the actual x-ray 
takeoff angle of 35°. If we assume uniform x-ray production in a thin foil specimen, the 
fraction of generated x rays which are emitted after self-absorption is 
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FIG. 6.--Simultaneously acquired EDX and ELS 
spectra from several thicknesses of TiCp, 94. 
Relative thicknesses were obtained by analysis 
of low-loss regions of spectra. (a) and (d) 
t/rp = 0.57, (b) “and (e} t/ao = 1.71, (4 

t/Ap = 2.67. Plasmon mean free path for ex- 
periment was measured as 85.2 nm. 


FIG. 7.--X-ray intensity ratios for carbon and 
titanium K x rays from TiC, ,, plotted against 
relative specimen thicknesses (lower figure). 
Dashed curve shows variation in x-ray intensity 
ratios calculated for self-absorption in the 
specimen. Upper curve shows effect of specimen 
thickness on carbon/titanium atom ratios deter- 
mined from SIGMAKL analysis of ELS spectra. 
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ELS MEASUREMENT 


@ EXPERIMENT 
= ome ABSORPTION CALCULATION 


x (u/o) t* | (2) 


where H/p is the mass absorption coefficient for the x ray in the material of interest, 0 
is the sample density, and t* is the x-ray pathlength in the sample. The self-absorption 
calculations show reasonable agreement with the observed decrease in x-ray intensity ratios, 
and indicate that an absorption correction based on tabulated mass absorption coefficients 
will suffice for x-ray analysis of carbon in TiC. A similar result was obtained for Cr,C, 

The carbon/titanium aton ratios plotted in the upper part of Fig. 7 were obtained from 
ELS measurements of the integrated C-K and Ti-L edge intensities. The atom ratios for two 
elements A and B are 


“a _ 08,4) 1°¢B,A) (3) 


Bo (g,a) 18¢8,A) 


where the partial ionization cross sections O and edge intensities I refer to the same 
energy integration range A and spectrometer acceptance angle 8. The partial ionization 
cross sections were calculated from the SIGMAK and SIGMAL programs. Although the ratios 
of C/Ti edge intensities (and the corresponding atom ratios plotted in Fig. 7) remained 
nearly constant up to thicknesses of t = 1.5A), this result appears to be misleading. Ex- 
amination of the background fitting and extrapolation to the ELS spectrum from the speci- 
men region 1.714, in thickness, for example, showed that most of the integrated intensity 
measured in the carbon and titanium edges arose from plural scattering and thus was a 
thickness artifact. 

The carbon/metal atom ratios obtained by ELS also differed considerably from the known 
atom ratios in standard materials. For a series of ten ELS measurements each on Cr,C, and 
TiC, 4, With a lomrad probe convergence angle and a 18mrad acceptance angle, the C/Cr and 
C/Ti atom ratios were 1/(3.1 + 0.4) and 1/(2.7 + 0.3), respectively. Table 1 gives the 
results of another series of ELS measurements which were performed to determine the ef- 
fects of the probe convergence and spectrometer acceptance angles on the analyses. The 
C/Ti atom ratios obtained from the TiC, ,, standard varied from 1/2.2 to 1/4; the ratios 
decreased as the probe convergence decreased relative to the acceptance angles. Although 
the cross-section calculations for K-edges have been verified by comparison with experi- 
mentally measured values and are considered to be reliable, the calculated L-edge cross- 
sections used in the ELS analysis may be partly responsible for the apparent failure of 
the analysis. Thus, at present carbon analyses of metal carbides by either EDXS or ELS 
require the use of standards. 


| 


Self-absorpttion of Soft X Rays 


Zaluzec” has expressed concern that strong absorption of x rays from the light elements 
in carbides, nitrides, and oxides will make quantitative analysis of these materials im- 
practical for UTW detectors due to limitations on the useful specimen thickness. However, 
his argument is based on a pessimistic calculation of x-ray self-absorption. Table 2 com- 
pares specimen thicknesses for the Philibert-Tixier thin-film criterion, calculated from 
the Henke and Ebisu® x-ray mass absorption coefficients, with some of those published by 
Zaluzec.” The thin film criterion can be written 


(u/o); pt = 0.1 (4) 


With a 15° x-ray takeoff angle and 30° specimen tilt toward the UTW detector in the HB-501, 
the x-ray pathlength in the specimen is 1.4 times the thickness of the untilted specimen. 
Zaluzec's calculations are evidently for a different, although unstated, x-ray takeoff 
geometry and give much smaller limiting thickness for carbides and nitrides than the pre- 
sent calculations. In addition, the Philibert-Tixier criterion just gives the thickness 
from which 95% of the generated x rays are emitted. A less restrictive thin-film cri- 
terion could be used for carbide analyses where high sensitivity is not expected. Table 

3 gives calculated values for self absorption of carbon x rays in TiC, ,, and oxygen x 
rays in Zr(Y)O,. These calculations further demonstrate that x-ray self-absorption is not 
in general a severe limitation in light-element analysis with a UTW detector. 
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TABLE 1.--Effect of electron spectrome- 
ter parameters on C/Ti ratio analysis 


an FL Goer standard. 


PROBE CONVERGENCE SPECTROMETER ACCEPTANCE C/Ti ATOM 
HALF ANGLE {m RAD} 


20 18.1 4/2.64 


18.1 1/2.52 
18.1 1/3.06 
1/3.24 
1/3.54 
1/3.86 
1/3.51 


TABLE 2.--Calculated limiting specimen 
thickness for 95% x-ray emission 
(Philibert-Tixier criterion). 


DENSITY LIMITING THICKNESS (nm) 
MATERIAL (g/cm2}) X-RAY THIS WORK* ZALUZEC 


TiC 4.93 C-K 23.1 8&3 
TiN 4.22 N-K 59.2 29.4 
MgO 3.58 O-K 82.2 54.1 
Cr3C2 6.68 G-K 18.8 


Zr 75Y 250 5.95 0-K 13.8 
78" 251.88 


TABLE 3.--X-ray emission after self- 
absorption. 


FRACTION OF X-RAYS EMITTED 


Ti Co.94 219.75 Yo.25 01.88 


PATH LENGTH ihe 
IN SPECIMEN (nm) - Ti-K O-K 2r-K 


84 
771 
61 
53 

46 


HALF ANGLE (m RAD) RATIO 


Zircontum Oxide Analysis 


Zirconia is difficult to analyze by ELS 
because the broad, poorly defined zirconium 
M edge interferes with the light element K 
edges and with the similarly broad M edges 
from adjacent numbered elements such as yt- 
trium and niobium. Further spectral inter- 
ferences arise form the anticharge coating 
(usually vacuum-evaporated carbon) which is 
essential for ELS analysis of insulators. 
Figure 8 shows the characteristic "sleeping 
whale" shape of the Zr M edge in a back- 
ground stripped ELS spectrum from yttria- 
stabilized cubic zirconia. The ELS method 
fails to resolve the overlapping Y and Zr 
M edges and shows the oxygen K edge on a 
large background caused by these edges. For 
this case, EDXS analysis appears more trac- 
table. The simultaneously acquired x-ray 
spectrum shown in Fig. 8(b) from the CZ spec- 
imen demonstrates the sensitivity of the UTW 
detector for oxygen. In addition, the zir- 
conium and yttrium Ka peaks are well resolved 
near 15 keV and can be used to determine the 
concentration ratios for these elements. 
Using the x-ray k-ratio Ky zy of 0.91 calcu- 
lated from Zaluzec's tables, ° we obtained 
measured intensities from 15 analyses of 
Cy/Cz7, = 0.329 £0.015. This result yields 
Lb, eat pie ia -HG for stoichiometric CZ. In 
Fig. 9, the x-ray intensity ratio for O, and 
(Zr + Y); is plotted against specimen thick- 
ness. The dashed curve shows the calculated 
effect of self-absorption on the x-ray in- 
tensity ratios, which agrees with the exper- 
imentally determined behavior. Thus, with a 
self-absorption correction for the oxygen x 
rays, the UTW detector allows quantitative 
analysis of oxygen in zirconia and similar 
materials which are difficult to analyze by 
ELS. 


Coneluding remarks 


Either ELS or EDXS with an ultrathin win- 


dow Si(li) detector can be used for quantitative microanalysis of carbides and oxides 
(and nitrides) in a STEM. Both methods have their strengths and shortcomings; the pre- 
ferred method depends in large measure on the material being analyzed. The best choice 


for the analyst is to use both methods. 


ELS and EDXS data can be collected simultaneously 


to insure that the analyses refer to the identical specimen region and electron probe con- 
ditions, and the capital cost of the alternative spectrometer is a small fraction of the 
total for an analytical TEM or STEM. The field emission gun STEM is the instrument of 
choice for highest spatial resolution in microanalysis since it provides a clean, ultra- 
high vacuum at the specimen and high-current electron probes as small as 2 nm in diameter. 
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FIG, 8.--(a) Background-stripped Zr (Y) M- 
edges and oxygen K-edge in ELS spectrum from 
yttria-stabilized cubic zirconia. (b) Sim- 
ultaneously acquired EDX spectrum showing 
well-resolved oxygen, zirconium, and yttrium 
K x-ray peaks. 
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THIN-FILM ANALYSIS WITH A MONTE CARLO SIMULATION BASED ON THE MOTT CROSS SECTION 
Kenji Murata, Serge Cvikevich.and John D. Kuptsis 


Monte Carlo calculations have been utilized for quantitative electron microprobe analysis 
by many authors. Although the method requires a relatively long CPU time on a large mod- 
ern computer, it is useful for analyses of samples with unusual boundary conditions be- 
cause the program can easily be modified to take them into account. Several workers have 
successfully performed quantitative electron microprobe analysis of thin films, which was 
based on the old Monte Carlo simulation model developed by Kyser and Murata.! However, in 
cases in which this model was applied to regimes at lower electron beam energy or to ana- 
lysis of heavy elements, the results were less than satisfactory. 

More recently, the old Monte Carlo simulation model was improved by the use of the 
Mott cross section for elastic electron scattering instead of the classical Rutherford 
scattering cross section.* The new model was tested by application to a limited number 
of elements (Al, Cu, and Au) that have been extensively studied and for which the best 
theoretical atomic potential values are available. 

In this paper, we propose a method for extending the limited calculated Mott cross 
section data to other elements for which such data are not available by the use of inter- 
polation and extrapolation when needed. 


Calculation Procedure 


Monte Carlo Stmulatton. Recent experimental results obtained by Murata, Kotera, and 
Nagami have shown that the use of the Mott cross section for elastic scattering gives a 
better accuracy in the description of electron scattering in heavy elements and at low 


energies for all elements.*~* In this model the differential cross section is calculated 
by 
ooeed = econ |? + [282 |? (1) 


where £(8) and g(6) can be obtained from theoretical models of atomic potentials by cal- 
culation of the partial wave expansion of the relativistic wave equation of Dirac. For 
energy loss the modified Bethe equation? was used at low energies as follows, in the usual 
notation: 


dE _ 2ne'nZ 


-45% » E < 6.338J (2) 
1.26VJE 


The calculation of the Mott scattering cross section for all possible elements of interest 
from Eq. (1) is hindered by the lack of good theoretical atomic potential values for many 
of the elements. In addition, the calculation time and storage capacity required for such 
data for all elements and energies of interest would be prohibitive even on the large 

modern computing systems. For this reason, we propose to obtain the needed values of Mott 
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Kuptsis is at the IBM Thomas J. Watson Research Center, Yorktown Heights, NY 10598, where 
this work was performed. The authors wish to acknowledge the support of D. F. Reilly, 

R. W. Bowers, J. N. Ramsey, and E. kK. Brandis from IBM GTD, East Fishkill, N.Y.; and of 

V. Sadagopan and W. Reuter from the IBM Thomas J. Watson Research Center. The contributicn 
of M. Kotera from the University of Osaka Prefecture, who helped with the calculation of 
Mott cross sections, is also gratefully acknowledged. 


79 


cross sections by interpolation and extrapolation based on somewhat better-known values 
for Mott cross sections available for a few elements such as Al, Cu, Ag, and Au. The Mott 
differential cross sections are provided at intervals of 2° in scattering angle and for a 
range of representative discrete energies. The specific differential cross-section data 
for specific energies and elements are obtained by interpolation and extrapolation, when 
applicable, from values available in the Mott cross-section database. 


The Mean Iontzatton Potenttal J and Ionization Cross Sectton Q(U). The mean ionization 
potential J in the modified Bethe equation (Eq. 2), is an important parameter that deter- 
mines the electron penetration, as already pointed out by Myklebust et al.© The values 
most commonly used in quantitative electron microprobe analysis are those of Duncumb and 
Reed’ (DR) and Berger and Seltzer® (BS). These values were obtained by empirical fitting 
to experimental data. The former values are given as numerical tables. The latter are 
described by 


J 29.762 58187703)? (3) 


Typical examples of J/Z values obtained from the above quoted sources are listed in Table 
1. The effect of these differences is relatively small since it is reduced by the inverse 
square root dependence of the stopping power and J. However, this difference leads to a 
change in generated x-ray intensities for a pure Pt standard of about 10%. Since the x-ray 
intensity is calculated as a ratio of sample to standard intensity, the absolute value of 
the ionization cross section is not required for the present analysis. Some of the com- 
monly used expressions for the ionization cross section are 


(i) Worthington-Tomlin (WT)? 


Qyp(U)=ayn In[4U/{1.65 +.2.35exp(1 - U)}1/U (4) 
(ii) Hutchins (modified Bethe equation, H)?° 

Q,(U) = ain U/ue-7 = 
(iii) Gryzinski (G)!! 

QQ) = ao - 1)/(U + 1)33/2f1 + (2/3) - Hu)in{2.74+(U - 1)!/2}]/U (6) 


(iv) Original Bethe equation (B)!4 
Q, UW) =a, ln U/U (7) 


These equations are shown in a normalized form in Fig. 1. At sufficiently large values 

of the overvoltage U, the WT and H cross sections represent the lowest and highest values, 
respectively. In this investigation, we evaluated these two most widely differing expres- 
sions for the ionization cross section by comparing the simulated and experimentally ob- 
tained k ratios. In his recently published book Heinrich states that uncertainties in the 
value of the ionization cross section become significant for the x-ray generation in thin 
films and small particles. /!? 


Results and Discusston 


The k ratios referred to in this paper are not the same as those used in conventional 
electron microprobe analysis. In our case, the k ratio is defined as the ratio of x-ray 
intensity emitted from an element in a thin film on a substrate to that generated by a 
semi-infinite pure or known composition standard. In Figs. 2 and 3 experimentally obtained 
k ratios from the work by Reuter et al.!" for thin films of Pt on Si and Au substrates are 
plotted for a range of electron-beam energies. These results are compared with k ratios 
obtained from Monte Carlo simulations using different combinations of ionization cross 
sections Q(u) and mean ionization potentials J. Results from the old Monte Carlo simula- 
tion model, which used the Rutherford scattering cross sections, are also shown for com- 
parison. The simulations using the new model were performed with three different combina- 
tions of the ionization cross section Q(u) and mean ionization potential J values. These 
combinations are shown in Figs. 2 and 3 as solid circles (Hutchins; Duncumb and Reed), 
open circles (Worthington and Tomlin; Duncumb and Reed), and cross marks (Worthington and 
Tomlin; Berger and Seltzer). The first combination of parameters yields the best agreement 
with experimental results. The simulated values deviate from experiment only in the low- 
keV region, where the k ratio approaches unity. The combination of parameters represented 
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FIG. 1.--Normalized ionization cross sections as function of overvoltage U. 
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H: Hutchins, 
Values of energy shown on horizontal 


1.0 e 
XK & —: Experiment(Reuter et al) 
P ®: Monte Carlo(H -pR) 
3 4 Oo: - (wt-prR) 
' . ~~: se ae - 
ye pene . (wT -Bs) 


0.5 -. © - (old) 


E, (kev) 
0 5 10 15 20 


FIG. 2.--Variation of k ratio with electron impact energy for Pt thin film on Si substrate. 
Results of Monte Carlo simulations are compared with experimental results. 


—: Experiment(Reuter et al) 
®: Monte Carlo(H -DR) 
Ol « + (wT -pr) 
oN - (WT -B 
Pt on Au ag ( S) 


k -ratio 


Ea( kev ) 
0 5 10 15 20 


FIG. 3.--Variation of k ratio with electron impact energy for Pt thin film on Au substrate. 
Results of Monte Carlo simulations are compared with experimental results. 
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by WT-DR results in a maximum deviation 
from experiment of about 20%. The values 
of the ionization cross sections beyond the 
overvoltage value of u = 3.2 deviate from 
each other and lead to substantial differ- 
ences at higher overvoltages. The differ- 
ence in cross sections is less important in 
the tail part of the electron penetration 
range for the relatively high initial elec- 
tron energies. 
If one considers electrons impinging on 
a standard (semi-infinite sample, one can 
300 400 see from the ionization cross-section curves 
z(ig/cnt) in Fig. 1 that at the higher electron ener- 
gies the ionization probability increases 
with decreasing electron energy down to a 
value of overvoltage at which a maximum 
value is reached. For calculations of 
generated x-ray intensity, the WT cross 
section places more weight on lower-energy 
electrons than does the H cross section. 
The ionization cross-section curves in Fig. 1 are shown in a normalized form and the actual 
difference between them is best expressed by the difference in gradient at any given over 
voltage. This difference in gradient is most significant for energies below 20 keV. An 
example of the effect of the choice of an ionization cross section on the value of the 
d(pz) curve is shown in Fig. 4. The two ¢(pz) curves calculated for PtMa in a Pt standard 
target correspond to two different ionization cross-section values of H and WT and the 
Same mean ionization potential J (from DR). These curves are normalized to yield the same 
total generated x-ray intensity value. One can see that the use of WT ionization cross 
section reduces the generated x-ray intensity near the surface, where the high-energy 
electrons are dominant. From the ¢(oz) curves for a thin Pt film on a silicon substrate, 
which are shown in the same figure, one can see that the x-ray intensity generated in the 
film is determined primarily by high-energy electrons for which the integrated ionization 
cross section is smaller than that corresponding to the full range of electron energies in 
the semi-infinite standard. As in the case of standard sample, the H ionization cross 
sections yields a higher x-ray intensity than that of WT. When the intensity ratio k is 
obtained from the x-ray intensity emitted from the film divided by the intensity emitted 
from the standard, the use of the WT ionization cross section results in a smaller k ratio 
than that which is obtained when the H ionization cross section is used. The small differ- 
ence in x-ray absorption which results from the difference in shape of the ¢ (pz) curves is 
considered to be negligible. In the extreme case of an isolated thin film, without the 
backscattering contribution from a substrate, one obtains the greatest possible difference 
in k ratios derived from the H and WT ionization cross sections. On the other hand, in 
the case of a Pt film on an Au substrate, which generates a large contribution of back- 
scattered electrons, this difference in k ratios is reduced (Fig. 3). In this case of a 
substrate material of a close atomic number the 9 (9z) curve for the film is similar to 
that of the standard over the mass-thickness range of the film. The ionization cross-~- 
section-dependent difference in the k ratios is reduced by a greater contribution of the 
lower-energy electrons, which is lost for the case of an unsupported film or a low-atomic- 
number substrate. A comparison of Figs. 2 and 3 confirms the validity of our arguments. 
The statistical fluctuation error, shown by the vertical bar in Fig. 2, was estimated from 
the output data at each 100 trajectories taken from a total of 1000 trajectories used in 
our simulations. This finding shows that the above comparison of simulated results is 
statistically significant. We have also compared simulated results based on the H-DR 
parameters with experimental results for Al and Mo films on Si and carbon substrates. A 
good agreement was obtained between simulated and experimental k ratios for these film- 
substrate combinations. 
We next turn our attention to the influence of a particular choice of the mean ioniza- 
tion potential J on the simulated k ratios. As seen from Table 1 the J values due to 
Berger and Seltzer (BS) are 30% smaller than those given by Duncumb and Reed (DR) for 
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FIG. 4.--Effect of the ionization cross 
section on depth distribution of x-ray 
production in Pt standard and Pt film on 
Si substrate. 
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TABLE 1.--Mean ionization potentials divided by atomic number for Al, Cu, Pt, and Au. 
BS: Berger & Seltzer, DR: Duncumb § Reed. 


TABLE 2.--Comparison of ratios of x-ray intensity Ipnp/I ps5 and absorption FOX) pp/FOO ps 
between DR and BS for Pt standard. 


Intensity 
ratio 


7 ee Au 10keV(Si Ka Tracer) 
Al 10keV(Si Kx) 


Prez) ‘\ \ ——:Experiment (Brown & Parobek) ane 
rr :Monte Carlo(H - DR) 2.0 ‘\ —— Experiment 
- (WT-DR) \ (Brown & Parobek) 
i \ 
frgz) . ‘\ ----: Monte Carlo(H -DR) 


~ (WT-DR) 


scan 
300 500 
Depth ( p¢/cm?) 


FIG. 5.--¢(pz) curves for Au target obtained 0.5 


by Monte Carlo simulation are compared with 
experiment of Brown and Parobek. 


FIG. 6.--¢(oz) curves for Al target obtained by 
Monte Carlo simulation are compared with experi- 200 
ment of Brown and Parobek. Depth ( p9/cm’) 


heavy elements. The net effect is a reduction of the electron trajectory range and the 
ensuing x-ray production in a standard specimen when the J values of BS are used. The 
slight increase in generated x-ray intensity due to a decrease in the backscattering 
coefficient associated with a decrease in the average electron trajectory length, does 

not compensate for the x-ray intensity loss due to the above causes. Table 2 compares 
Simulated x-ray intensities and F(x) values as ratios of these values when either the DR 
or BS values of J are used. These ratios are given for a range of initial electron energy 
values. Although the difference in the two F(x) values is small, the difference in inten- 
sity ratios appears to be significant and is expressed by a range of ratios from 1.05 to 
1.14. From this comparison of values in Table 2 and Figs. 2 and 3, it can be seen that 

if the H ionization cross section is combined with the J values of BS, the resulting k 
ratios are higher than the experimental ones. Thus, it appears that if one were to use 
the mean ionization potential values of BS, a better choice of ionization cross section 
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would be the one proposed by Gryzinski (G). 

An additional error introduced into any k ratio obtained by simulation is that due to 
uncertainty in the mass-absorption coefficient (u/p). The published values of the PtMa 
self-absorption coefficient range from 1192 (cm*/g)!° down to 1050 (cm*/g)?®, The uncer- 
tainty in the F(x) value and thereby in the simulated x-ray intensity value will be 0.7, 
1.7, 3.4, and 4.5% for initial electron energies of 6, 10, 16, and 20 keV, respectively. 

As a final test of our Monte Carlo simulation model, we compared our simulated ¢(pz) 
curves for Au and Al standards at 10 keV with the experimental results on the same elements 
of Brown and Parobek!’ in Figs. 5 and 6. Brown and Parobek used a tracer technique (de- 
scribed in the above reference) in which the Siko radiation generated by a thin layer of 
Si embedded at various depths in matrices of Au and Al was measured. Our simulated results 
are normalized by the x-ray intensity emitted from an unsupported thin film, which corre- 
sponds to the procedure used in the measurements of Brown and Parobek. From the comparison 
of our simulations with their data, we can see that although the H-DR parameter combination 
yields a better agreement with experiment than does the WT-DR combination, neither combina- 
tion of parameters can properly describe the experimentally obtained $(pz) curves near the 
peak region, 


Coneluston 


We have proposed an extension of a Monte Carlo simulation model based on the use of 
Mott scattering cross sections to quantitative electron microprobe analysis of thin films 
on substrates. Although, for the energy range of interest in quantitative electron micro- 
probe analysis, the Mott scattering cross sections are established only for a few elements, 
the Mott scattering cross-section data needed for the analysis of other elements can be 
obtained by interpolation and occasionally by extrapolation. Using the present model, we 
investigated the influence of the choice of ionization cross section and the mean ioniza- 
tion potential on the resulting k-ratio with various parameter combinations such as the 
ionization cross-section formulas of Hutchins or Worthington-Tomlin combined with mean 
ionization potential values of Duncumb and Reed or those proposed by Burger and Seltzer. 

At this writing, we are not prepared to recommend anything that could be considered as 

the best combination of ionization cross section and mean ionization potential parameters 
such as Hutchins-Duncumb and Reed or Gryzinski-Berger and Seltzer. More experimental data, 
including more experimentally measured $¢(pz) curves, will be needed to establish the 
optimal choice of parameters to be used in our simulation model. 
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THE DEPENDENCE OF BREMSSTRAHLUNG EMISSION ON Z IN COMPOUND SAMPLES 
T. B. Vander Wood, J. G. Pearson, and P. R. Buseck 


The bremsstrahlung radiation emitted by a thick flat specimen under high-energy electron 
bombardment is generally described by a relation similar to that proposed by Kramers: 


Ne dE = KZ (E,/E) - 1} dE (1) 
where N. is the number of photons emitted with energy E, Z is the atomic number of the 
specimen, E, is the energy of incident electrons, and K is a constant. More recently 
Rao-Sahib and Wittry* have proposed that the dependence of N, on Z is better described by 
Nero Zz", where n =1.2. For samples composed of more than one element it is generally as- 
sumed that the average atomic number Z can be substituted for Z, where 


-2C,2Z, (2) 


i 


and C; is the weight fraction of element i. This expression has been shown to be true for 
several alloys and a few uranium compounds by Moreau and Calais*® and Heinrich.’ We present 
here measurements of the bremsstrahlung emissions of a series of pure-element, oxide, and 
sulfide samples. The results indicate that the production of bremsstrahlung radiation by a 
compound is not a simple function of Z. 


Results 


In order to minimize self-absorption effects, we measured the bremsstrahlung emission 
excited from a series of targets by a 200pA beam of 25keV electrons in the energy windows 
15 to 16 keV, 16 to 17 keV, 17 to 18 keV, 18 to 19 keV, and 19 to 20 keV using a JEOL model 
JSM 35 scanning electron microscope and an energy-dispersive x-ray detector with a channel 
width of 40 eV. Since the detected x-ray intensity is a function not only of emission but 
of detection, we have normalized all x-ray counts to those detected from silicon under the 
same conditions. The data are summarized in Table 1 and Fig. 1. Each analysis consists 
of the average of at least five (for compounds) or three (for elements) measurements. Quo- 
ted errors are those calculated from 20 counting errors. 

The Z dependence of bremsstrahlung radiation between 15 and 20 keV for the pure ele- 
ments analyzed in this study satisfies Ne « Z as proposed by Kramers. ‘Linear correlation 
coefficients between Z and Np, determined for these elements are given in Table 2. In con- 
trast, these data do not satisfy the relationship proposed by Rao-Sahib and Wittry. * 

Bremsstrahlung emissions by the compounds in this study do not fall on the line pre- 
dicted from Kramers' law based on the data from pure elements and Eq. (2) for Z. Differ- 
ences in the measured bremsstrahlung (normalized to Si) from that predicted on the basis 
of the pure elements and Kramers! law are given in Table 3. Measured radiation for each 
compound is lower than predicted by a constant fraction, independent of the energy of ra- 
diation. Furthermore, the iron oxides appear to form linear arrays with iron metal (e.g., 
r = 1.000 in the 15-16keV range); these arrays define a Kramers' law constant different 
from that for the pure elements, as shown by the different slope for the iron-iron oxide 
system. These relationships cannot persist to the pure oxygen end-member, since Z ex- 


trapolates to a value < 0 at Z = 8. 
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TABLE 1.--The ratio of x-ray intensity for various samples produced by 25keV electrons 


and normalized to 


Element 


Z 


Silicon. 


Ne 


° 


Errors are determined from 20 counting statistics. 


AINE Latin AeAHt AL nO Aa 


/N 
| Sample si 


15-16 key 16-17 key 17-18 kev 18-19 kev 19-20 keV 
0.7 782.012 0.774+.012 0.763+.014 0.753+.015 0. 7532.017 
Al 13 0.890+.012 0.8/79+.013 0.887+.015 0.883+.017 0.863+.018 
iM 22 1.845+.019 1.886+.021 1.926+.025 1.964+.029 2-003+.034 
Cr 24 2.063+.017 22118+.019 2185+.024 22208+.927 2.247+.031 
Fe 26 22259+.023 2eaett.025 2236/7+.029 2428+.034 2.508+.040 
Co 27 2.3/9+.026 224444 .031 2.516+.035 2.569+.040 2.623+.046 
FeQ 22.07 1.726+.015 1.751+.017 1.770+.020 1.8024 .022 1.860+.025 
Fe 30), else 1.589+.013 1.615+.014 1.648+.016 1.654+.020 1.714+.022 
Fe 0. 20.59 1.539+.012 1.561+.014 1.586+.015 1.610+.017 1.650+.020 
1.638+.015 1.661+.016 1.702+.019 1.728+.021 1.731+.025 
1.789+.015 1,.838+.017 1.865+.019 1.919+.021 1.927+.025 
TABLE 2.--Linear correlation coefficients eure sienere vs Nez Ne sit 
Energy Window f 

15-16 keV 1.000 

16-17 1.000 

17-18 0.999 

18-19 0.999 

19-20 0.999 


TABLE 3.--Measured and predicted bremsstrahlung intensities for compounds: 
estimated 20 error 10.01. 


A = Meas./Pred. ; 


Compound| 15-16 keV 16-17. keV 17-18 keV 18-19 keV 19-20 keV. 
Meas. Pred. A Meas. Pred. A Meas. Pred. ~ Meas. Pred. a Meas. Pred, A 

1.7/5 1.89 .93 1.77 1.91 .92 1.80 1.97 .91 1.86 1.99 ,93 

1.61 1.78 .91 1.65 1.81 .91 1.65 1.85 .89 1.71 1.86 .92 

1.56 1.73.90 14.59 1.76.90 1.61 1.80 .89 1,65 1.81 .9] 

1.66 1.76 .94 1.70 1.78 .95 1.73 1.81 .95 1.73 1.81 .95 

1.84 1.93 .95 1.86 1.98 .94 1.92 2.01 .95 1.93 2.02 .95 


ar nN RU IR ORR hen A Ye HOR Wn 


Iron sulfide compounds may also form linear arrays with 
case the pure element is sulfur (interpolated from the pure 
and pure iron does not lie along the linear extrapolation. 
that pass through both element end members and intermediate 


a pure end member, but in this 
element line) rather than iron, 
Nonlinear curves may be drawn 
compounds. 


Dtscusston 


Clearly, Kramers' law is not an adequate description of the bremsstrahlung radiation 
emitted by a set of samples of mixed chemistry, although it appears to hold within a ser- 
ies of samples of related chemistries, e.g., pure elements, alloys, or a series of oxides 
or sulfides. Furthermore, the differences between bremsstrahlung emitted by the three 
series of samples appear to be functions of the chemistries of the samples and are not 
simply dependent on Z and/or energy. 

The reasons for these variations are not understood at present. Variations in self- 
absorption are not expected to be important at the high energies at which these measure- 
ments were taken, and there is no sign of absorption-related phenomena in the data. The 
data might be explained by bulk sample charging beneath the carbon conducting layer re- 


87 


sulting in deceleration of the incident electrons. Such an effect may give rise to an 
exaggerated decrease in the measured bremsstrahlung (compared to the predicted value) for 
a given compound at higher energies. The data in Table 3 indicate that if such an effect 
is present, it is at less than the 1% level. It is possible that the discrepancies be- 
tween the measured and predicted intensities result from unknown chemical effects in the 
generation of bremsstrahlung radiation. 

These observations are important for quantitative analyses of compounds by use of energy- 
dispersive systems and background modeling in order to remove background radiation from an 
acquired spectrum. Although these data were acquired at high energies, where there are 
few analytical peaks, the independence of the effect from energy shown in Table 3 indi- 
cates that it persists to lower energies, where background corrections are commonly made. 
These data indicate that backgrounds modeled on a given series of compounds or alloys may 
not be indiscriminately used in correcting for background emissions for a differing series 
of compounds. 


Conelustons 


Bremsstrahlung emission between 15 and 20 keV of pure elements 12 < Z < 27 appear to 
obey the linear relationship between Z and Np proposed by Kramers , ‘and are not consistent 
with the exponential relation proposed by Rao-Sahib and Wittry.* The bremsstrahlung emis- 
sion by compounds is not a simple function of Z, but appears also to reflect a chemical 
effect, perhaps based on the electrical insulating properties of the material. Within a 
given series of compounds (e.g., FeO, Fe,0,, Fe,0 ,) Kramers' law may be obeyed, but it is 
not obeyed by a sample set incorporating *aifferent classes of compounds. This effect is 
important for attempts to model the background radiation in quantitative energy-dispersive 
x-ray analysis. 
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$(z) 
R. H. Packwood, J. D. Brown, and Guy Remond 


Whether the true form for the ionization distribution has finally been found and placed 
safely in the collection of microprobe formulas is a question still to be answered. How- 
ever, there can be no doubt that much time and effort has been spent on the search and it 
seems to be a good time now to take stock of some of the proposed $(pz)'s. 

The ionization distribution or ¢(oz) as it may be called for short is a measure of the 
depth distribution of x-ray production by an electron beam impinging on a target as a func- 
tion of mass depth oz into the target. It can be measured experimentally by various tech- 
niques, the most common of which is the ''tracer layer" or "sandwich" technique devised by 
Castaing and Descamps.” This technique records the x rays generated in a similar layer in 
space. $(0z) is a function of electron beam energy Eo, the critical excitation potential 
Ec of the x-ray line of interest, the angle of incidence of the electron beam on the target, 
and the target composition. The electron beam is considered to strike the target at right 
angies to its surface in the following account, although other angles could be considered. 
However, most microprobe analysis employs a normal-incidence angle, which is the easiest 
configuration to understand. 

The importance of $(9z) in microprobe analysis lies in the need to calculate how many 
x rays are generated from the number that are observed. X-ray absorption reduces the ob- 
served intensity by a factor that increases exponentially with mass thickness 0x along the 
direction of observation (Beer's law): 


I = Io exp{-upy} 


where Ip and I are the initial and observed intensities, respectively, and u is the mass ab- 
sorption coefficient. The number of x rays T,unk generated for element A is assumed to be 
proportional to the weight fraction Wa of A in the unknown sample material. Hence the ob- 
served intensity ratio ka, for the unknown versus the intensity I, from pure A is given by 


l unk ae b LS are exp{-y Unk 75 dps 
ae A -W 0 A A 
| en ~ A 


a (1) 
A se >, (92) exptxX,0z} doz 


where ¥ = LE cosec 6 and 9 is the x-ray take-off angle. 


Review of (pz) Formulas 


When Castaing” first addressed the problem of determining $6(9z) experimentally he made 
measurements on a cylindrical target that allowed him to vary the x-ray take-off angle. 
The results led him to believe that $(0z) decreased with depth in a manner that was roughly 
exponential. Thus, he based his analysis on the work of Lenard,* who had measured the 
transmission of electrons through thin foils and found that the transmitted flux I, at thick- 
ness Ox was 


I, = Ig exp{-opz} 


where Io is the initial flux and o is the Lenard coefficient. Hence (0z) = const.exp{-opz2} 
(Fig. 1}. It is probably true that most, if not all, microprobe correction programs still 


Author Packwood is at Energy, Mines and Resources Canada, Ottawa; author Brown is in 
Engineering Science at the University of Western Ontario, London, Ont., Canada; and author 
Redmond is at the Bureau de Récherches Géologiques et Miniéres, Géochemie-Analyses, Orléans, 
France. The assistance of V. C. Chartrand in preparing the illustrations is acknowledged. 
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FIG, 1.--Castaing with Lenard's o = 2000. FIG. 2.-~-Wittry with a = 2.21, Ozo = 0.224 scaled 
to match Ref. 1. FIG. 3.--Philibert with o = 2000, h = 0.4, Ro = 1.5 scaled to match Rez. 1. 
FIG. 4.--Buchner and Pitsch, a = 1.4, n = 1.56; note scale on vertical axis. 


use this form of $(pz), not in the absorption correction but in the fluorescence factor. In 
1955 Castaing and Descamps* made the first systematic $(0z) measurements, only to discover 

that the generated intensity did not fall with depth but instead increased to a maximum at 

a value approximately 50% greater than the surface value $9, and then decreased. 

The value for $(o9z) at the surface was not equal to 1 as might be expected but instead 
was around 1.5. This was the result of electrons backscattered out of the subsurface lay- 
ers, which increased the total electron flux at the surface vis-a-vis the thin layer in 
space, The increase in $(0z) with depth was caused by the paths of the electrons diverging 
away from their initial direction perpendicular to the tracer layers buried in the target, 
which made these paths in each layer longer than in the isolated reference layer. The x- 
ray ionization cross section also changes with the overvoltage ratio U = E/E., and it may 
either increase or decrease the rate of x-ray production, depending on the variation of 
starting U with path length into the target. 

In 1958 Wittry put forward the notion that the electron beam could only penetrate the 
target a short distance before becoming randomized. This situation was described by a Gaus-~- 
sian distribution with its center placed at the depth of maximum x-ray production 02); 


6(oz) = const.exp{-ai(oz - Oz0)7} (2) 


as shown in Fig. 2. The factors used in this formula and its successor” require some prior 
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knowledge of the value of the oz» parameter, which is possibly why it has not been used by 
many workers. 

The next ${9z) curves put forward were those of Philibert® in 1963. First was the full 
formula, which assumed that $(pz) is given by a function of the form 


$(pz) = const.exp{-opz}(1 - q exp{-opz/h}) (3) 


with q = (4 - $09)/4 and h = 1.2A/Z* (Fig. 3). The second was an approximate formula where 

q = 1; 1.¢., $9 = 0, which of course is incorrect. However, at that time $9 was not known 
for many elements and this approximation had little effect for the small-to-moderate absorp- 
tion conditions for which it was proposed. In the light of subsequent events, such as the 
frequent misapplication of the formula, a lot of uneccessary criticism could have been avoid- 
ed by setting $ 9= 1.5 and adjusting h to h = 0.5A/Z*. However, be that as it may, Phili- 
bert's approximate formula has enjoyed wide use and a very large measure of success by the 
subsequent modifications to the value of o by Duncumb’ and Heinrich. ® 

In 1966 Criss and Birks’ proposed the expression 


nN 
o(0z) = ; a. exp{~b, 02} (4) 


where the constants a; and b; are to be determined for the case in question. Although cap- 
able of representing $(9z) with great precision, the absence of measured $(pz) curves at 
that time handicapped this method. The example shown gave the coefficients to n = 5 for 
copper at 29 keV. 

Also shown in Fig. 2 is the modification of the shifted Gaussian suggested by Kyser? in 
1971, namely, an exponential term that is subtracted from the near surface zone: 


é(oz) = const.[exp{-ai(oz - 0z9)7}- const.exp{-a20z}] (5) 


This Sorn was so well established as far as Kyser was concerned that he used it as part of 
a method for determining absorption coefficients for soft x rays! 
At about the same time Bilchner and Pitsch*® proposed a somewhat different form of 9( 2): 


(pz) = an(aoz)™"” expt-(apz)"} n= S22 a = [o/(Eo - B15 (6) 


where o& = 34 - 0.7E. + [36/(2.25 + E.*)] and 8 = 1.5 - (E_/27). 

These factors were determined empirically from $(0z) curves measured by the wedge meth- 
od,'' Again, ¢ 9 = O is an obvious drawback to this form of o(PZ). 

At this time, Reuter** proposed somewhat different parameters for Philibert's complete 
fornula with a view to using it for the analysis of thin films on substrates. More recent- 
ly, Love at al.’* in 1977 extended this process to obtain better quantification--but still 
maintained the basic Philibert formula. 

Almost as a protest against the increasing complexity of the suggested $(Pz) formulas, 
Bishop** in 1975 advanced the idea of replacing them by a simple square-wave model for 
use in moderate-absorption conditions (Fig. 5): 


(Ez) = do pz < 2pz 
=_ (7) 
o(pz) = 0 pz > 20z 
This decisive application of Occam's razor yields surprisingly good results. 
In 1976 Heinrich’? suggested that $(oz) could be written as 
(pz) = ay expt-pz/ay] (8) 


with y = f(Eo’, E ny and a = f(09z, 0Z0). This form has the $, = 0 problem that Heinrich 
resolved by moving the $ axis to positive oz; at the same time the oz axis is lifted to cut 
off the exponential tail in the (pz) distribution at large oz values because that was 
known to be incorrect, too. The resulting $¢(9z) is much easier to draw than it is to write 
out (Fig. 6)! The mathematical form is shown in Heinrich's book on microvrobe analysis.*® 
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pi pi-~ 
FIG. 5.--Bishop with $) from Ref. 1, 9zo from Philibert formula... FIG. 6.-~Heinrich from ¢ 
in Ref. 16 scaled to match Fig. 8. FIG. 7.--Fraction of x rays escaping as a function of 


depth and mass absorption coefficient. FIG. 8.--Curve 1, experimental and Gaussian fit to 
Znka in Cu at 30 kV; curves 2, 3, 4, "observed $(0z)'" for x = 300,900,and 3000, respectively. 


While these various models were being developed, a number of workers were making mea- 
surements of $(0z) curves and so increasing the database on which to build more realistic 
analytical expressions for ¢(oz). Among them, Parobek and Brown’’in 1978, and later Brown 
and Robinson,~° used their data to develop an empirical formula for $(pz) that could be 
used to interpolate accurately between the actual $(0z) measurements. 

Most recently a theoretical form for $({9z} has been proposed by Packwood and Brown 
based on the observation that essentially all published (pz) curves can be plotted as 
In ¢(ez) versus (0z)* to yield straight lines. Only a segment at the surface, the part 
that rises from $9 to peak intensity, follows another relationship. From this result it 
was deduced that 


19,20 


o(0z) = Yo exp{-(aoz)*}(1 - q exp{-Boz}) (9) 


The transient term has the same purpose as the transient in Philibert's formula--namely, to 
model the increasing path length per tracer layer as the electrons diverge from the direc- 
tion of the incident beam; a and 8 are parameters of the Gaussian and transient regions and 
q = (Yo - ¢0)/Yo, where yo is the peak value of the Guassian at the sample surface. 

The question arises, why can be so many apparently diverse equations used to perform 
this function in microprobe analysis? The answer is in several parts: the formulas have 
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not the same applications; some are intended: for use only in certain well-specified circum- 
stances, whereas others have nore general application. 

As is well known, correcting observed intensity to generated intensity can be done in 
two distinct ways. The first is the ZAF method, which treats the absorption correction via 
ratios of observed to generated intensities on a relative basis, leaving differences in 
total x-ray generation to an atomic-number correction term 


Lo unk (92) exp{-x, pz} doz 


eo 2G)" & Wy a eee (10) 
k 
fo," (2) doz 


A second such tern:is required for the standard. This method makes smaller demands on the 
accuracy of ¢(o0z). Figure 7 shows a plot of exp{-yoz} for a selection of , values typical 
of those encountered in microprobe analysis: u = 100, 300, 1000. With such values for u, 
the integral in the numerator of Eq. (10) is simply the area under the $(pz) curve when 
multiplied by the appropriate exp{-ypz} curve. The result is a distorted $(0z) (Fig. 8). 
The severity of the distortion devends on the magnitude of y. Evidently, the shape of ¢(0z) 
is not all that critical for y = 300 or 900 and yet when y = 3000 the details of the shape 
in the surface become important if the transformation of the true $(pz) is to be accurately 
imitated. This is best done by having the right shape, of course! 

The second correction method for microprobe cata, the '"d(0z) method," depends critical- 
ly on the size and shape of the model $fpz) curves being accurate replicas of the true dis- 
tributions. Should that be the case, then Ec. (1) can be evaluated and the electron-genera- 
ted x-ray signal calculated in one step. Only the fluorescence correction has to be dealt 
with separately. Parobek and Brown,’’ Brown and Robinson,*® and later Brown and Packwood*? 
chose to use the 6(09z) correction method with reasonable success, 

We now comment on how to perform the Laplace transformations of the functions in Eqs. 
(1)-(9) and the level of complexity found in the mathematics. 

Philibert's complete formula gives an absorption correction 


_ 1 +h - Ql + (/)] 
FOO = Tr I gh7@ + AYTTT + O/T + All + OAT a) 


Setting q = 1 gives the widely used approximate formula. The Gaussian $(0z)'s give integ- 
rals that involve erf(x) or erfc(x) terms that are a little unfamiliar, but present no 
real problem. Buchner and Pitsch** show that their $(pz) produces an integral that sums a 
series of gamma functions. In a subsequent vaper, tables of correction factors are given 
in orcer to make the method easier to apply. 

The Bishop nethod gives a particularly simple formula for f(x): 


1 - exp{-2ypoz} — 2h +1  £Egie® aL 
aa 2 = . Bere h ra: xpos ( - U Cee) (12) 
XPzZ 


Setting h = 0 in Eq. (11) gives Castaing's original $(pz) integral. The expressions 
used by Parobek, Brown, and Robinson cannot be integrated analytically; however, the eoua- 
tions can be readily handled by a numerical integration routine on a computer. On tke 
other hand, the Packwood and Brown (oz) can be integrated and yields (this is the correct 
fornula when the Gaussian term is written exp {-o’x*}; the version in Ref. 18 was inadvert- 
ently given for exp {-ax*}): 


£6 (pz)exp{-xoz}dpz =v [exp{ (x/20) *}erfc{x/20} - q exp{[(8 + x)/2a] *berfe{[(B + x)/2a]}](13) 


Equation (13) is not the most comfortable of equations but the literature shows accurate ap- 
proximation formulas for erfc(x). Those by Hastings?? involve an exp(-x?) which fortunately 
eliminates the exp(x*) in the integral, with the result that Eq. (13) becomes 
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i=l 
Examples of the application of these various $(oz) formulas are to be found in the 
literature cited. 


As shown in the Anpendix, A(x,5) = (a, 18 with t= Cl & pxyes a. and p are constants. 


Novel Applteattons of the Gausstan (oz) Formula 


Surface layers, deposits, coatings, or contamination are of considerable interest in 
experimental science, e.g., electronic devices, corrosion studies, trace element analyses, 
etc. It can be demonstrated that the Gaussian $(0z) approach lends itself to studying these 
phenomena if a small assumption is made. Suppose that the surface film is of thickness 6; 
thus, when it is very thin, the exact distribution is not crucial, and can be conven terry. 
seccmibed as a Gaussian concent uation distribution of magnitude A and form A exp{- (2/5) 7}. 
This term can be incorporated into Eq. (13) very simply because the multiplication of expo- 
nential terms is accomplished by addition of their exponents; so the new form can be obtained 
from the old by the simple expedient of replacing a* by (a* + 6°). It may appear a little 
arbitrary, but the procedure arose out of work of a very practical nature. Remond et alaee 
when measuring trace quantities of Ag in chalcopyrite (CuFeS,) inclusions in an acanthite 
(Ag2S) matrix, discovered a strange phenomenon. During and after polishing, the chalcopyrite 
grains rapidly became colored either orange or yellow depending on their distance from the 
acanthite. The same grains showed Ag concentrations that varied with the electron beam ener- 
sy as shown in Table 1. Suspicion of surface contamination was confirmed by Auger analysis 
combined with ion milling. Further work with optical reflectometry was also consistent with 
the general thickness and composition determined by electron spectroscopy; i.e., 150K > 30K 
and 80% > 30% Ag for orange and yellow grains, respectively. These estimates for A and 4 
cave rise to the predicted "false" compositions shown in Table 1. More details will be found 
in the proceedings of this year's SEM conference. *° 

It is not a new idea,*®’*’ but nevertheless it is still intriguing to consider the possi- 
bility of analyzing very thin surface films with the microprobe. A simple order-of-mapnitude 
calculation based, for example, on monolayer of tungsten gives a signal equivalent to about 
9.2% of that expected from the solid. A signal of that size hardly presents a challenge for 
any modern microprobe. It is tacitly assumed that the film is different from the substrate 
and that the substrate does not contain significant quantities of the elements in the filn 
to be measured, otherwise data would have to be taken at different electron beam potentials 
and processed in a fashion analogous to that described in the previous paragraph. Corrosion 
inhibitors, at least, are generally different from the metal to be protected (phosphate, chro- 
mate, molybdate, tungstate, etc.). Table 2 shows some preliminary results for various inhib- 
itors on a 1010 steel. The equivalent number or monolayers is also noted and must not be 
taken to indicate that nothing else is present, because obviously that would be untrue. A 
more detailed report of this work is to be published elsewhere. 

It should be pointed out that the excellent work by Mitchell and Sewell*’ was on a low- 
angle, low-energy electron beam, soft x-ray spectrometer, high-vacuum apparatus they had 


TABLE 1.--Intensity ratios for Ag from Ag-rich surface film on chalcopyrite grains. 


Orange coloured Yellow coloured 

keV Observed Predicted (a) Observed Fredicted (b) 
8 3.69 3-92 0.61 0.60 
15 1.09 1.08 0.18 0.16 
30 O.45 O.43 0.075 0.13 


TABLE 2.--X-ray intensitites from corrosion inhibitor films on 1010 steel at 10 keV. 


Counts above background 


Inhibitor per 120 seconds* Equivalent mono-layers 
Chromate 800 + 30/(195,000) ~4 

Molybdate KO 4 25/(290,000) ee 5 
Tungstate 600 + 60/(106,000) =Oe25 


*Standard intensity shown in parenthesis. 
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developed that could detect 0.01 of a monolayer of surface species, whereas an unmodified 
Camebax MICRO is being used in the current work. 
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Appendix 


erf(z) = 1 - (ax + bx? + cx? + dx’ + ex°) + E(x) = 1 - A(x,5) 
x = (1 + pz)”*, p = 0.3275911 

a = 0.254829592 

b = -0.284496736 

c = 1,421413741 

d = -1.453152027 
e 
) 


= 1.061405429 and e(x)1 < 1.5 107’ 


erfc(z) = 1 - erf(z) 
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MEASUREMENTS OF bo~--THE SURFACE IONIZATION COEFFICIENT FROM C-Ka TO Cu-Ka 
S. B. Hale and R. H. Packwood 


¢9 is defined as the ratio of x rays generated by an electron beam in a thin layer in the 
surface of a target to x rays generated in an identical thin film isolated in space. 

It is a good question to ask, "Why do we need to know $9?" because it is true that the 
most popular method for correcting microprobe data to date, the ZAF method with the simpli- 
fied Philibert correction, has always assumed that ¢9 = 0, even though theoretically $9 
must have a minimum value of unity. In general, therefore, ¢ 9 has not been considered a 
major concern, at least not for the majority of microprobe users. 

However, there always has been a need for ¢9 values, even in the ZAF method, because 
as absorption increases so does the importance of having an accurate representation of the 
x-ray production in the vicinity of the surface of the target. 

Another situation demanding a knowledge of $9 is the analysis of surface films. Here, 
the intensity of excitation of the film is by definition equal to q. 

More recently, concerted efforts by various authors!~* to develop the "¢(oz) method" 
as a strong alternative to the ZAF method has led to considerable interest in determining 
¢ 9 for as large a set of conditions and atomic numbers Z as possible. For example, in the 
Gaussian descriptions?>" of ¢(9z), ¢g is one of four parameters used to model the x-ray 
generation in the sample. 

As a practical matter, we need to know $9 at electron beam voltages below 10 kV and 
critical excitation potentials E. in the soft x-ray range, as well as the variation of $9 
with the angle of incidence of the electron beam on the target. 

With these considerations in mind, we find there are comparatively few ¢,) determina- 
tions>»® and none at very low critical excitation values. There are at least three theore- 
tical formulas for hinge a8 none of them applicable to soft x rays or tilted targets. 

Before one looks at these formulas it is worth examining the parameters that will 
affect the magnitude of ¢). We know the following. 


a. ¢g > 1, which follows by inspection from the definition and the physical fact of 
backscattering of electrons from the substrate (how much greater than unity depends on 
these factors); 

b. the fraction n of the electron flux that is backscattered and its distribution 
with respect to energy E and direction a: 


i. energy because the ionization cross section O(u) is a strong function of E/E.» 
ii. direction because the longer the path of an electron at a given depth the greater 
the chance of producing an x ray. 


Measurements of the backscattered electron distribution? shows strong dependencies on 
both E and Z, which means that accurate theoretical predictions will be difficult to make 
and cumbersome to use. Therefore, it is most likely that a semi-empirical equation will 
suffice. The > g formulas available at present are examples of such equations: 


dp = 1 + 2.8n[1 - (0.9/U)] Reuter 
do = 1+ ces [I(Ug) + G(Ug)in(1 + nj] Love, Scott and Cox 
d9 = 1 + tn[QWp,5)/Q(U9)] - 1 Packwood and Brown 


Author Hale is a masters student at The University of Western Ontario, London, Ont., 
Canada N6A 5B9, studying electron probe microanalysis; author Packwood is a research scien- 
tist at the Department of Energy, Mines and Resources, Ottawa, Canada. The assistance of 
V. E. Moore in taking measurements is gratefully acknowledged. 
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where I(Up) and G(Ug) are polynomials in Up, are examples of such equations. 
In order to see which, if any, of the above are suitable for soft x-ray work, and 
possibly adaptable to tilted targets, we made a series of experiments. 


Eapertmental Method 


A microprobe standard sample holder containing 17 metals was used as the basic suite 
of elements. Those present were Mg, Al, Ti, Cr, Fe, Co, Ni, Cu, Zn, Zr, Mo, Ag, Cd, Sn, 
W, Au, and U, to which was added Si and BN in separate holders. Thin films of carbon, 
copper, and silver were evaporated onto one half of each polished standard. 

The coated samples were tested in a CAMEBAX-MICRO electron probe at electron beam 
voltages of 5, 10, 20 and 30 kV, at normal electron incidence. Several regions were 
chosen and count times were such that several thousand counts were collected for each 
element. The backgrounds were recorded from the uncoated region of the samples. 

For carbon, special care was taken to insure that contamination was not a problem. 
The electron probe vacuum was better than 2 x 10-© torr. The special soft x-ray spectro- 
meter, when operated with a reduced pressure of 150 mm Hg of P-25 in the proportional 
counter, is capable of reading 150 000 cps/100 nA from diamond. 

Typical plots of ¢9 normalized to Cr are shown in Figs. 1 through 4. Figure 1 also 
shows the relationship between Reuter's equation for $9) and the experimental data. The 
data have not yet been corrected for fluorescence. 


Cone lustons 


In conclusion, the experimental evidence suggests that any semi-empirical equation for 
$9 will have an exponential format. Further investigation, however, is required to deter- 
mine the final form of the equation. . 
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3 
Laser Microbeam Mass Analysis 


MICROANALYSIS OF BULK SAMPLES BY LASER-INDUCED ION MASS ANALYSIS 
C. A. Evans Jr., B. W. Griffiths, Trevor Dingle, M. J. Southan, and A. J. Ninham 


Laser-induced ion mass analysis (LIMA) has only become a really practical microanalytical 
technique during the past decade. As with any relatively new analytical technique, its 
precise capabilities, advantages, and limitations will take some time to be established. 
In the context of metallurgy and materials science, there is an obvious comparison between 
LIMA and the well-established electron-probe microanalyzer; LIMA offers speed and ease of 
analysis, is not restricted to analysis for a few elements at a time, can detect and meas- 
ure quantitatively all light elements (including hydrogen), can be used to analyze noncon- 
ducting samples, and offers a greater sensitivity to trace elements with the additional 
capability to distinguish isotopes and to provide chemical information by identifying mo- 
lecular ions. In comparison with the less widely used nuclear microprobe, LIMA offers 
especially simplicity of operation and a much cheaper and less complex equipment. In com- 
parison with ion-probe microanalysis and the related SIMS, LIMA again offers a faster anal- 
ysis and also a much simpler mass spectrum, ease of handling a wide diversity of samples, 
and (for a bulk analysis technique) the positive advantage that LIMA is not especially sur- 
face sensitive in its present form and does not display the widely varying sensitivities to 
different elements that are a severe disadvantage of these secondary-ion technqiues. 

In this paper, we present the results obtained on a variety of bulk samples analyzed 
in LIMA-2A, a laser-induced ion mass-analyzer manufactured by Cambridge Mass Spectrometry 
Ltd. These results illustrate some advantages and limitations of LIMA compared to other 
microanalytical techniques. 


Instrumental 


An overall view of the instrument is shown in Fig. 1, with the main elements of the sys- 
tem indicated. This instrument has been fully described previously;* only a brief resumé 
is given here, with emphasis on particular design features. A short pulse from a Q-switched 
laser (Nd:YAG, frequency doubled to A = 0.53 um) is focused onto the sample and evaporates 
and ionizes a small volume of material. Analysis is performed by time-of-flight mass spec- 
trometry of ions extracted from the resulting microplasma. 

Sample viewing is by an optical microscope. The instrument can be used ina transmission 
mode for thin samples but we shall concentrate here on the reflection mode of operation for 
analysis of bulk samples. The area for microanalysis is identified and defined by the fo- 
cused spot of an auxiliary He-Ne laser. Optimum optical performance and ion extraction are 
both achieved in a direction normal to the sample surface by extraction of ions for analy- 
sis through a series of axial apertures in the reflecting (Cassegrain) optics. The t-o-f 
mass spectrometer uses a folded flight path incorporating an electrostatic reflecting ele- 
ment that compensates for the relatively large spread in the initial ion energies. Posi- 
tive or negative ions are detected by a conventional electron multiplier and the resulting 
time spectrum typically up to 100 us is acquired by a fast transient recorder for immediate 
oscilloscope display and is transferred to a microcomputer for conversion to a mass spec- 
trum, further data prcoessing as required, and for output as a video disply, hard copy, or 
in magnetic form for permanent storage. 

The vacuum system is of a conventional bakable ultrahigh-vacuum construction. As LIMA 


Author Evans is at Charles Evans § Associates, San Mateo, CA 94402; authors Griffiths 
and Dingle are at Cambridge Mass Spectrometry Ltd., Cambridge, England; and authors Southon 
and Ninham are at the Department of Metallurgy and Materials Science, University of Cam- 
bridge, England. They are grateful to J. H. Cleland and P. J. Burnett of the Department 
of Metallurgy and Materials Science at Cambridge University for their assistance on the LIMA 
studies on corroded stainless steel and for ion-implanted semiconductors, respectively. 
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FIG. 1--Overall view of LIMA 2A. 


is not strictly a "surface" analysis technique, the u.h.v. capability may seem superfluous, 
however, although a vacuum environment in the 10 ’ torr region is generally adequate; for 
desorption work or in, say, the detection of hydrogen at low levels, a u.h.v. environment 
insures that unambiguous results are produced. In addition, a clean vacuum environment 
diminishes any potential problems due to spurious ion emission from contaminants on op- 
tical components. Finally, the u.h.v. capability allows surface analytical techniques 
such as SIMS or SAM to be combined with LIMA. 

A high-stability precision specimen manipulator is used in LIMA 2A. Specimens can be 
positioned with an accuracy and reproducibility in the micrometer range. A sample carrou- 
sel can accomodate eight specimens. The samples are initially put into a loading chamber 
(Fig. 1) which is isolated from the main analysis chamber and transferred under vacuum onto 
the carrousel, a step that insures that the main analysis chamber is not let up to air dur- 
ing specimen exchange. Samples are loaded and ready for analysis within a matter of min- 
utes. The loading chamber is pumped by a turbomolecular pump and the analysis chamber and 
flight tube by an ion pump. 


Results 


The performance of LIMA can be summarized as follows. The minimum volume analyzed is 
limited by the diffraction-limited diameter of the focused laser beam (between 1 and 3 um 
in the present instrument) and by the depth of the laser induced crater, some tenths of a 
micron. These parameters depend on the beam power and specimen material. The beam power 
is continuously variable over a wide range and specimen materials can include not only 
metals and alloys, but semiconductors, glasses and ceramics, polymers, composites, coat- 
ings, and powders, as well as organic and biological specimens. Positive- and negative- 
ion spectra may be obtained with a mass-resolution of m/Am in excess of 500. The rela- 
tive sensitivity of the instrument to various elements requires further investigation but 
appears to lie within a range of one order of magnitude at most for all elements (and 
probably a good deal less once optimum operating conditions have been determined), and 
the detection limit for trace elements is in the ppm range. 

LIMA has already demonstrated the ability to give valuable microanalytical information 
on a wide diversity of materials problems. Here are a few of the many examples that might 
be cited: quantitative analysis of 10 ppm of hydrogen in a titanium alloy, and measure- 
ment of the depth profile (at a depth resolution of about 1 um) of less than 10 ppm of 
hydrogen in 20um-thick oxide layers on uranium; measurement of the iron-boron ratio, and 
other elemental concentrations including unsuspected silicon, as a function of depth in 
sections through boronized layers on steel; measurement of the concentration of elements 
ion implanted into silicon and sapphire; characterization of oxide layers in corroded 
stainless steels; analysis of paint films, polymers, photographic materials, impurity 
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FIG. 2--Positive ion LIMA spectrum from paint sample. 


inclusions in pharmaceutical pills, and insoluble residues from soda-lime mines; the detec- 
tion of trace levels of pollutions such as lead in human tissue--and a preliminary assess- 
ment of the quantitative accuracy of LIMA by analysis of a series of Pd-Ni alloy standards 
that gave compositions within 5% of the nominal values with analytical procedures, which 
could certainly be improved. Some of these applications are described in more detail to 
illustrate the advantages and limitations of the LIMA technqgiue. 

The measurement of the metallic constituents in paints (as an aid to forensic identi- 
fication, quality control, and paint development) is a promising application area for LIMA. 
Various samples have shown that the spectra are in general much easier to interpret than 
those from the ion probe, because the organic constituents that are present in the ion- 
probe spectra can be eliminated in LIMA by choice of the laser power density to dissociate 
the organics into atomic ions of 0, C, N, and H, which simplifies spectral interpretation. 
Second, the detection of trace elements such as barium or strontium appears easier in LIMA 
than in the ion probe. Similarly, compared to the electron probe, detection sensitivities 
appear to be better by at least an order of magnitude for most elements. Finally, there 
are no specimen-charging problems in LIMA and it has proved possible to obtain rapidly 
depth profiles of paints to the 30um level and below. Figure 2 shows a typical spectrum 
obtained by LIMA on a paint. 

However, measurements of the surface composition of nitrogen-ion implanted silicon il- 
lustrate some present limitations of the technique. Silicon implanted with the very high 
dose of 8.10'7N,/cm? gave a nitrogen concentration of about 10% by LIMA analysis, with the 
concentration essentially constant across the sample surface. A similar sample implanted 
with 4.101 7N}/cm? showed a correspondingly smaller average nitrogen concentration which 
varied considerably (by a factor of 5) across the sample area. It is not likely that the 
true nitrogen concentration varied to this extent; the heavy nitrogen dose had produced an 
amorphous surface layer in both samples, but the more heavily dosed sample had suffered 
significant surface roughening which was not evident by SEM examination of the more lightly 
dosed surface. It is likely that the interaction of the laser pulse was strong and uniform 
for the roughened surface but less regular, at the same power density, for the smooth sili- 
con surface. These results confirm that it is necessary to establish with care the correct 
laser power density for reproducible and quantitative analysis, especially of weakly ab- 
sorbing samples, but show that LIMA is capable of providing a quick, quantitative charac- 
terization of ion-implanted materials, not easily achieved by other methods, in cases where 
a suitable calibration is available. 

Another project was concerned with the measurement of the composition of films on cor- 
roded stainless steel. During the course of corrosion of a stainless steel in a hostile 
environment, the state of the metal surface is continually changing; it is postulated that 
a relatively insoluble film grows on the surface competing with the corrosion reaction, the 
dissolution of metal to ions. Information on the growth kinetics and the composition of 
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this film at different stages would permit a better prediction of the corrosion behavior 
of stainless steels. The thickness of these films is such that the use of surface analysis 
techniques would be tedious. 

A preliminary LIMA investigation of such a film has given most encouraging results. A 
304L steel was held at a negative potential, in the active corrosion range, in 3.4 molar 
H,SO, for 20 hr at ambient temperature. LIMA analysis of the resulting film showed that 
the Cr/Fe ratio in the film is greater than in the bulk metal (0.45 and 0.27, respectively) 
and that the Cr/Fe ratio was surprisingly constant through the thickness and across the 
area of the film although subsequent SEM examination showed it to be very irregular in 
thickness and texture; on the assumption that a single laser pulse removed about 0.5um of 
material at the power density employed, it was deduced that the thickness of the film was 
markedly nonuniform and varied between 0 and 10um. 

Finally, consider the characterization of boronized surface layers on a mild steel. 
Boronizing 1s increasingly being used for the production of hard and wear-resistant sur- 
faces. The process is similar to carburizing, but the necessary heat treatments are short- 
er and at lower temperatures, and no final surface quench is required. Surface microhard- 
ness in excess of 1800 Vickers can be obtained in layer thicknesses up to 200-250um. 

Investigation of the composition of the boride layer and of any segregation ahead of 
its boundary, indicating perhaps which elements limit the growth rate, is a task ideally 
suited to laser-microprobe analysis. LIMA's particular advantages are the ease with which 
it can detect quantitatively elements of low atomic number such as boron (in contrast to 
conventional electron microprobes) and the speed with which concentration profiles can be 
examined. Previously, one has had to resort to techniques as complicated as o-autoradio- 
graphic tracing* to search for boron (and even then only qualitatively) ahead of the main 
boride layer. 

For materials such as mild steel, it is often stated that FeB is formed at the surface 
and Fe,B below it.*’° LIMA investigations of sections through boronized mild steel have 
indicated that this may not be the case; boron concentrations have been observed near the 
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surface that are smaller than those further from the surface. JIon-to-boron ratios ap- 
proaching 2 (1.84) have been observed close to the specimen edge. Multiple laser shots 
into the same spot have shown a varying Fe/B ratio, which suggests an FeB/FeB, mixture. 
High silicon levels in the substrate very close to the boride layer have also been noted, 
in contrast to results reported elsewhere.* No carbon has been deteced in the boride 
layer itself. 

Figure 3 shows a scanning electron micrograph of a typical crater produced on this 
sample. The laser power density was relatively high to insure uniform ionization effici- 
ency of the elements detected. Although the main crater produced in the metal is less 
than 2um in diameter, an appreciable volume of material has exploded out and recondensed 
on the sample, which illustrates the care that must be taken in optimizing the laser power 
density for unambiguous elemental concentrations and spatial distributions. 


ConeLlustons 


LIMA is rapidly establishing itself as a microanalytical technique that can yield use- 
ful results to many practical problems. The full potential of the technique has probably 
not yet been realized and requires more systematic work to establish a firm physical basis 
for quantitatively relating raw LIMA data (the mass spectrum) to the true composition of 
the sample under analysis. 
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LASER MICROPROBE MASS ANALYSIS OF SINGLE CELLS AND CELL COMPONENTS 


Buko Lindner and Ulrich Seydel 


In our laboratory the laser microprobe mass analyzer tamma® 500 is mainly applied to single 
bacterial cell mass analysis with the aims of obtaining information on their physiological 
state and its alterations under the action of various external influences, of differenti- 
ating bacterial strains from their mass fingerprints, and of examining transport properties. 
Furthermore, the instrument serves as a so-called soft-ionization source for the mass spec- 
trometric determination of molecular weight and chemical structure of isolated bacterial 
components, especially of lipids. 

The application of the LAMMA instrument for pure mass spectrometric purposes aims at 
determining the optimal instrumental parameters and the detection limits for biomolecular 
substances. These findings should help to predict in special cases how promising the util- 
ization of the LAMMA instrument would be for the tracing of a compound within the intact 
biological matrix with the lateral resolution offered by the instrument. In the present 
contribution we present some results that might demonstrate the applicability of the LAMMA 
technique in microbiology. 


Experimental 


The LAMMA instrument (Leybold-Heraeus Co., K&éln, F.R.G.) has been described in detail 
elsewhere.! Briefly, a high energy UV laser pulse is focused through the objective of a 
light microscope onto the sample to be analyzed and evaporates and partly ionizes it. 
Depending on sample conditions and on laser energy a lateral resolution below 1 um may be 
achieved. The produced positive and negative atomic and molecular (fragment) ions are 
registered alternately by means of a time-of-flight mass spectrometer at a mass resolution 
of approximately 800 and a sensitivity down to 10 29 ¢ (for sodium and potassium) from an 
analyzed mass of approximately 10 !° g, 

For single-cell analysis with LAMMA the bacteria are generally treated as follows: 
the cells are harvested from the appropriate growth medium and washed twice quickly--to 
avoid ion dislocation--in distilled water, and are brought onto Formvar-coated Cu-grids; 
excess fluid is drained off with tissue. In this way a widespread distribution of the 
bacteria is achieved, which permits the laser vaporization of a single cell at a time. For 
statistical purposes up to 400 single bacteria (for the establishment of distribution pat- 
terns) are analyzed from one preparation. 

For mass spectrometric investigations of isolated cell components the substances ana- 
lyzed are thoroughly mixed in a mortar with an appropriate amount (1:5 by weight) of vari- 
ous alkali salts (Na, K, Cs-chloride). This admixture favors the formation of quasimolec- 
ular peaks with high relative intensity by alkali attachment .* 


Results and Ditscusston 


In Fig. 1 the mass spectra of two single Escheriechta colt K12 cells are shown which were 
prepared in the above way. However, the right spectrum was obtained from a cell treated 
with the drug HN32, a nitrofuran derivative, which was added to the culture at approximate- 
ly five-fold the minimal inhibitory concentration (m.i.c.) 2 hr before harvesting. 

Among other differences the marked alterations in the various cation contents (Na, Mg, K, 
Ca) can be clearly recognized. The unlabeled mass peaks are most likely of organic origin. 
Increasing the laser power density and/or the input sensitivity of the LAMMA 500 yields 
increasing numbers and intensities of mass peaks which at the present time cannot be as- 


The authors are at Research Institue Borstel, Biophysics Division, D-2061 Borstel, 
Federal Republic of Germany. 


100) 


ea 
o 


rel. intensity 


Na? 


397) 41+ 
| \¢ 
0 = 


50 100 m/e 150 


FIG. 1.--LAMMA-spectra of two single Hschertchia colt K12 cells from an untreated control 
(left} and from a treated culture (right) 2 hr after application of nitrofuran derivative 
HN32. 


signed to definite cell components but are the basis for a differentiation (taxonomy) of 
various bacterial strains from their mass fingerprints.° Very recently we have developed 
a computer program for the automatic classification. This procedure has already enabled 
us to differentiate among three samples of the same strain which were treated with three 
different chemotherapeutics, and between resistant and nonresistant strains on the basis 
of less than 100 single-cell analyses (to be published). 

In a kinetic study in which the time dependence of the Na,K ratio after chemical treat- 
ment was compared with results from more established microbiological techniques it could 
be demonstrated that the intracellular Na,K ratio is a sensitive indicator of the physio- 
logical state of a cell.* Under the influence of a drug the transport properties of the 
cell membrane (among other factors the active transport or the passive diffusion of Na and 
K or even both) may be altered and sometimes lead to dramatic shifts in their intracellular 
concentrations. To study this effect with LAMMA we have, in a first step, grown F. colt 
cells in a medium containing Na and K (ratio 1:2) and then transfered the cells into a 
similar medium where the potassium was replaced by rubidium (which should be a satisfactory 
substitute for potassium’). Cultures were kept at two different temperatures (0°C, 37°C). 
Controls were kept in the original medium at the same temperatures. At different times 
samples were prepared from all cultures for LAMMA analysis. In Fig. 2 the averaged LAMMA 
spectra from 100 single cells in each case for the conditions 0°C, 0.5 hr and 37°C, 0.5 hr, 
respectively, are given. Obviously, at 0°C the influx of Rb and the efflux of K are lower 
than at 37°C. This result may be explained by the reduced permeability of the membrane at 
0°C due to a decrease in its fluidity and by the cessation of the active pump. Use of 
stable isotopes of the elements under study rather than only "similar" elements will prob- 
ably allow more reliable investigation of mechanisms of membrane active effects. 
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FIG. 2.--Averaged LAMMA-spectra from 100 single cells in each case grown in Na- and K- 
containing medium, then transfered into Na- and Rb-containing medium and kept at 37°C 
(left) and 0°C (right), respectively. 
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FIG. 3.--LAMMA-spectrum of dipalmitoylphosphatidyl- FIG. 4.--LAMMA-spectrum of an ornithin 
choline + KCl. lipid isolated from Rhodomitcrobtum 
vantellit. 


The ability of the LAMMA technique for organic mass spectrometry is demonstrated for 
two cell wall components in Figs. 3 and 4, which show the LAMMA spectra of dipalmitoylphos- 
phatidylcholine (DPPC) and an ornithin lipid isolated from Rhodomtecrobtum vantellit by 
O. Holst (Max Planck Institute, Freiburg, F.R.G.), respectively. Both spectra show simple, 
easily interpretable patterns. Positive results from more complex bioorganic substances 
of high molecular weight (m/e < 2000) have been published elsewhere.®° However, these re- 
sults do not necessarily mean that pure isolates can be successfully traced in a biological 
matrix in general, except in some advantageous cases (high accumulation, low interaction of 
the compound with the matrix). These conditions are met, for example, in the detection of 
Piytoal extn glyceollin in thin sections of infected soybean cotyledons on the cellular 
level. 
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4 
Computer-assisted Microbeam Analysis 


REPRODUCIBILITY CONSIDERATIONS IN AN AUTOMATED MICROPROBE 
W. F. Chambers 


Ever since the advent of automated electron microprobes, instrument manufacturers have 
worked diligently to improve the reproducibility and stability of their products. With 
current technology, it is possible to obtain mechanical reproducibilities of about 1 um in 
the stage and 0.00001 to 0.00002 sin 8 in the spectrometers. Coupled with beam regulation 
systems which are capable of stabilities in the parts-per-million-per-hour range, these 
reproducibilities have resulted in instruments that should be capable of very reproducible 
results. 

Sandia-TASK, an electron microprobe software automation system designed jointly at 
Sandia National Laboratories and Rockwell Rocky Flats, was intended to take advantage of 
such instrument stabilities. Among other things, Sandia-TASK utilizes reference tables of 
elemental information that normalize standard count rates to beam currents. We had hoped 
that by incorporating the beam current normalization we would be able to utilize a given 
"element'' table over extended periods of time without recalibration. That was not possible 
at first. Some factors we found to be responsible for drift and/or irreproducibilities 
are enumerated below along with solutions where we have found them. 


1. Beam Current Drift. This effect is noticed only immediately following the cleaning 
of the electron column. It is caused by a gradual buildup of contamination on the aper- 
tures of the sampling system for the beam-regulation device. This contamination buildup 
has the effect of altering the backscattering characteristics of the apertures and thus 
the percentage of the beam current sampled. It is a problem even in well-shielded systems. 
To compensate for this drift effect one must periodically quantify the beam current with 
a remotely insertable Faraday cup. Over a period of a few days the backscattering charac- 
teristics asymptotically approach their final values and the quantification period can be 
increased from about once per hour to about once per day. 


2. Temperature Drift. Spectrometer temperature variations change the peak position 
for an x-ray line by about -0.00005 sin 6/°C. This effect became particularly evident 
during an extended run when the building air-conditioning system failed: a rise of about 
5°C resulted in analytical totals nearer 85% than 100%. The remedy was to install a tem- 
perature sensor on the case of one of the spectrometers, to read the spectrometer tempera- 
ture whenever any spectrometer is accessed, to store calibrated values at an arbitrary spectro- 
meter temperature 25°C), and to add a thermal-expansion offset into the spectrometer position. 
Since this was done, room temperature changes of as much as 10°C have produced no data loss. 


3. Sample Focusing. Since the human eye normally is a part of the light-optics sys- 
tem of the microprobe, two operators may focus a sample slightly differently. This causes 
the peak position for each x-ray line to change in order to compensate for the corre- 
sponding change in the focal point for the x-ray optics. The change is not large enough 
to cause a degradation in the count rate and is immaterial so long as the same person 
performs the focusing of all standards to be used and of the unknown analysis points. 
However, the discrepancy can invalidate a calibration table prepared by one operator for 
use by another. We have overcome this difficulty by replacing the binocular microscope 
head with an industrial-grade color television camera, which has also resulted in several 
ancillary improvements. Not only is the focus position repeatable from operator to oper- 
ator, the system has also provided an easy method of recording analysis areas and has pro- 
vided a means for several people to view the sample simultaneously. In order to attain 


The author is at Sandia National Laboratories, Albuquerque, NM 87185. Supported by 
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sufficient illumination levels for proper use of the television camera we replaced the 
standard tungsten illuminator with a quartz-iodine illuminator connected to the microprobe 
via a fiber-optic system. This modification also provides illumination of the sample at 
the proper color temperature for the television system. Although we have kept our binocu- 
lar head and were careful to design the optics system to the television camera so as to 
permit the exchange of the two systems by loosening one screw, we have found no instances 
where we wanted to return to the binocular viewing system. 


Counting Gas Vartattons. We have found that commercially available P-10 counting gas 
varies enough from tank to tank to require re-adjustment of the amplifier gains whenever 
a tank is changed. To our surprise,we have not been able to correlate any count-rate 
changes with either atmospheric pressure changes or room temperature changes, as one might 
expect from Avogadro's law, Other than varying the amplifier gains, the only special care 
required of the counting gas seems to be to follow the common-sense rules of not permitting 
a gas tank to run completely empty and purging the supply line after a new tank has been 
installed, so that detector contamination is avoided as much as possible. 


Crystal Degradation. As the crystals are bombarded with x rays they gradually degrade. 
Fortunately, this is a long-term, slow process. However, it does provide one of the limits 
to how long a particular reference table can be used without updating even if extreme care 
is maintained. 


By paying attention to details such as those described above, we have been able to 
operate our microprobes reliably through long, unattended analysis sets and have in fact 
operated in quantitative-analysis mode for periods of up to two weeks without recalibra- 
tion. During these periods, the integrity of the data is verified by analysis of a multi- 
ple-element secondary standard on a daily basis. As instrumentation improves and as 
additional sources of irreproducibility are identified and eliminated, we expect to be 
able to extend the periods between calibration even farther and to make the use of the 
microprobe system more productive and less tedious. 
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A SELF-EDUCATING CLASSIFICATION SCHEME FOR PARTICLE AND PHASE IDENTIFICATION 
J. C. Russ and T. M. Hare 


We have previously described!~3 methods to characterize heterogeneous samples such as poly- 
phase ceramics, dispersed raw material powders, metals, geological specimens, and particul- 
ates such as pollutants collected on filter papers. The simplesttechnique analyzes many 
points "at random,'' but problems arise when a single analysis point (actually covering a 
volume of about 1 pm?) overlaps more than one grain. We have found that selction of grain 
or particle centers by use of the backscattered electron image,‘ and control of beam posi- 
tion, improves the quality of the results, which are scatterplots in N-dimensions (the 
number of elements) of the total counts (characteristic plus background) collected in a few 
seconds with the beam on the point. The data are normalized to compensate for beam drift; 
each element's counts are divided by the total counts, which takes into account the pres- 
ence of unexpected elements of high relative background intensities (as from organic par- 
ticles) and makes the axes of the plots simple to interpret, since the range from 0 to 

1 corresponds (very approximately) to elemental concentration. The plots are projected on 
2-dimensional (2-element) planes; clusters of points identify phases or classes of par- 
ticles. The number of points in each cluster gives the relative abundance of the phase, 
and the location, shape, and size of the cluster reflects the average composition (and vari- 
ations in composition, shape of particles, surface roughness, and so forth). Much of our 
previous work has dealt with techniques to locate these clusters. 


Tterative Classtficatton 


Figure 1 shows a non-normalized 1000-point plot of intensities for two elements measured 
from a single-phase material. A rectangular counting window placed at the distribution's 
center with dimensions of +2 s.d. (standard deviations) will include more than 90% of the 
points. If the window is placed off center on the distribution, the mean values of the 
points will lie toward the center of the cluster. The initial placement shown by the 
axes, at a position 3 s.d. away from the true centroid, produces a mean X,Y location of the 
points which is then used to reposition the window (the second marker), and the operation 
is repeated. After five iterations the location found is within 1% of the true centroid 
position and does not move further. 
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FIG. 1.--Motion of iterative window on 2- FIG. 2.--Normalized intensity plot projected 
dimensional intensity distribution, with into 2-D plane, with iteration paths for three 
fixed window size. starting positions: (a) and (b) reach same 


final point, but (c) never approaches cluster. 


The authors are with the School of Engineering, North Carolina State University, Box 
5995, Raleigh, NC 27650. 
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FIG. 3.--2-D views of 4-element scatter plot of elements in SYNROC (see also Table 1). 


A more difficult case is shown in Fig. 2. Here the same data are presented in normal- 
ized form, which skews the distribution. The plots show the motion of windows approaching 
the center from different initial locations, each 3 s.d. out. Two of them reach exactly 
the same final point at the centroid of the cluster, but one never finds the actual cluster. 
Any point within +2 s.d. converges to the true center in 4 or fewer iterations. In practice 
we also allow the window size to vary with location. The s.d. of the points within the 
window is not the actual standard deviation of the cluster, even in the case when the win- 
dow finally reaches the centroid, because the window cuts off outlying points. A search 
window size 2-3 times the computed s.d. in each dimension produces reliable iteration and 
excludes a minimal number of points. 


Multtphase Samples 


For more complex specimens, such as the SYNROC on which we have previously reported, 
there are clusters for each phase. This is a fine-grained ceramic with three major phases 
produced by sintering oxides of five elements (Ca, Ti, Al, Zr, and Ba, the last not analyzed 
owing to overlap by the larger Ti peak). Changes in proportions of oxide raw materials, 
preparation of powders, the sintering process, or the admixture of radioactive waste material 
can produce additional phases which we wish to identify. Figure 3 shows several views of 
the 4-dimensional distribution of points from material in which, besides the principal pha- 
ses, there is an additional 5% of rutile (excess Ti0,). Table 1 summarizes the four phases. 
Note that the normalized intensities for elements absent in a particular phase are not zero 
because of background counts in the ED spectrum. 

A grid search of the multidimensional plot, comparing the number of points in each grid 
cell of size 0.1 to its neighbors, finds three local maxima. Iteration from these starting 
points quickly converges (3 iterations) to the centroids of the clusters for the three major 
phases. However, the process misses the rutile (a small cluster of 25 points in this 500- 
point example), because it is too close to the major hollandite cluster. A finer grid 
search will locate the rutile, but requires more points for adequate statistics. For the 
three major phases, the iteration procedure is very robust; any point near a cluster will 
find the same centroid location in not more than 5 iterations. 

Because SYNROC is a very fine-grained material, the point clusters are rarely so well 
defined. Figure 4 shows the point plots for analyses in which the grain size is not large 
compared to the analyzed volume, and about 75% of all analyses overlaps to some extent onto 


TABLE 1.--Normalized intensities for phases in Figs. 3-6. 


Phase Ti Ca A Al Abundance (%) 
Hollandite 0.7640.04 0.05+0.02 0.0540.02 0.14+0.03 60 
Perovskite 0.4840.03 0.42+0.04 0.05+0.02 0:.0520.02 20 
Zirconolite 0.4640.04 0.230.035 0.2720..04 0.05+0.04 15 
Rutile 0.8540.04 0.0540.04 0.05+0.04 0.05+0.04 5 
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FIG. 4.--Point plots for fine-grained material in which 75% of points analyzed overlap an- 
other grain. 


a neighboring grain, which may be a different phase. The broadening of the clusters frust- 
rates attempts to find them automatically by a simple grid search for maxima, and then the 
iterative moving window. 


Netghbor-distance Filtering 


Location of clusters is significantly improved by use of a filtering method in which 
points are discarded if their second nearest neighbor distance (in an N-dimensional vector 
sense) exceeds an arbitrary cutoff level.© Figure 5 shows what happens when a cutoff value 
of 0.0175 is applied to the data of Fig. 3. The remaining clusters are small and very ap- 
parent, with the rutile well resolved from the hollandite. Figure 6 shows the application 
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FIG. 5.--Second nearest neighbor filtering (distance = 0.0175) applied to data of Fig. 3. 
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FIG. 6.--Second nearest neighbor filtering applied to data of Fig. 4: (a) threshold dist- 
ance = 0.025, (b) threshold distance = 0.0175. 
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of the filter to Fig. 4, with different filter settings. The rutile cluster is again sep- 
arated from the hollandite, although with very few points remaining. One may use these 
small clusters to find all the phases, using a grid search and iterative moving window. 

The principal difficulty with neighbor-distance filtering is the time required to carry 
out the operation (typically hours compared to minutes for the grid search). Adjustment of 
the filter threshold remains a human operation; we have found no universal way to calculate 
an ideal value. Although it is a powerful method for examining these plots, the long time 
required to apply the filter and the need for human judgment make it less attractive than a 
grid search and iterative window. Indeed, the use of bins or grids and a smoothing opera- 
tion (N-dimensional convlution) will always be faster than any neighbor search method, and 
is mathematically equivalent.’ We plan further evolution of grid search methods in which 
the size varies automatically with the number of points in each large grid, to find small 
clusters. 


Particle Classification Strategy 


The method described assumes that all analysis datahavebeen recorded for subsequent 
plotting and analysis. A different strategy may be adopted to classify particulates as 
analyzed. An initial class is established for each expected composition beforehand, 
either by intelligent guesswork, running a quantitative program in reverse, or by analyzing 
a few "representative" particles of each. The initial class ranges are used as in tradi- 
tional sorting schemes, to identify particles as measured. Each set of coordinates in N- 
dimensions is also saved until the classes are periodically recomputed as for the iterative 
window search described above: all points lying in the class are used to determine a new 
class location and size, and iteration proceeds until it does not change by more than 1%. 

These new classes are then used for further sorting, until the next recomputation takes 
place. The number of analyses between recalculations should increase each time, reflecting 
the statistical nature of the process; in practice it is easier, because of limited storage 
in the system, to do so at regular intervals (e.g., each 100 analyses). Unclassified 
points can be (a) assigned to the class to which they are nearest®; (b) stored on disk in 
case a later recalculation of the classes might gather them in; (c) saved for a search for 
unexpected composition classes as described above; or (d) ignored (as most traditional 
methods do). 

Since diskette storage is cheap and not too slow, (c) is best for dealing with systems 
in which a large (>10%) number of the analyses produce unknown classifications. However, 
this method, like all statistical searches for clusters, will not readily find minor phases 
or rare particle compositions. For routine use, option (a) is most appropriate, since it 
gives the operator an immediate answer on every analysis, either as a confirmed (inside a 
class) or suggested (nearest class) identification. 
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POSTPROCESSING OF X-RAY MAPS 
Albert Sicignano and William Friday 


The use of microprobes and SEMs with x-ray spectrometers attached to them for the charac- 
terization of materials has become common practice in many industrial and research labora- 
tories throughout the world. The technique of using electron excited x-ray analysis with 
these instruments is a powerful method of rapidly investigating the elemental composition 
of a particular sample. The three modes of x-ray analysis possible are point, line scan, 
and map. In the point mode, the composition of a fixed point or the averaged composition 
of a selected area is determined. Use of the line scan and map modes provides additional 
information about the elemental spatial distribution of the sample. 

In more than a decade of providing hundreds of analyses to sample originators with a 
wide range of technical backgrounds, we have repeatedly encountered the problem of effec- 
tive and efficient transfer of elemental spatial information back to the sample originator. 
Our goal was to provide a user-friendly environment to both the analyst and the end user 
of such spatial/composition data. (At times that may be the same person.) The environ- 
ment includes: the entire process of analyzing the sample; collecting the data; and any 
necessary final processing of the data, particularly the ease of transfering this newly 
gained information from analyst to end user. 

The easiest way to convey x-ray information is to put it in a user recognizable format. 
To achieve this objective, our format utilizes the following: 


1. Correct aspect ratio for the x-ray map (match SEM micrograph). 

2. Gray scales that correspond to the relative concentration 4, 6, or 10 levels (dot 
matrix printer). 

3. Colors and color overlays to distinguish elements (4-color ribbon). 

4. Computer storage of x-ray maps for off-line processing (frees SEM and x-ray system). 

5. Printed copies of the selected x-ray maps and line scans (done unattended). 


In the system we have developed at Philips Laboratories for the handling of x-ray maps 
and line scans, the environment was made user friendly with the aid of a microcomputer and 
dot matrix color printer, up to 4 elements out of 16 can be selected to be simultaneously 
overlaid with separate colors, gray levels, and thresholds. 


FIG. 1.--Apple crt display of "user-friendly" main menu. 


The authors are at Philips Laboratories, Briarcliff Manor, NY 10510. 
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5 
Microbeam Analysis of Metals, Ceramics, and Glass 


GRAIN BOUNDARY CAVITATION AND WELD UNDERBEAD CRACKING IN DOP-26 IRIDIUM ALLOY 


W. Clanton Mosley Jr. 


Plutonium-238 oxide fuel pellets for the General Purpose Heat 
Source Radioisotopic Thermoelectric Generators to be used on 
the NASA Galileo Mission to Jupiter and the International 
Solar Polar Mission are produced and encapsulated in DOP-26 
iridium alloy (Fig. 1) at the Savannah River Plant. DOP-26 
iridium alloy was developed at the Oak Ridge National Labora- 
tory (ORNL) and contains nominally 0.3 wt.% tungsten, 60 ppm 
thorium, and 50 ppm aluminum.! Underbead cracks occasionally 
occur in the girth weld on the iridium alloy cladding in the 
area where the gas tungsten arc is quenched. # Various elec- 
tron-beam techniques have been used to determine the cause of 
cracking. 


Experimental 


Specimens from *?°Pu0,-fueled capsules were examined 
with a contained SEM (Cambridge Stereoscan 600) at the Savan- 
FIG. 1.--Welded DOP-26 nah River Laboratory (SRL). Studies of grain surface struc- 
iridium alloy capsule. ture and elemental distributions were performed on specimens 

from unfueled capsules by means of SEM/EDX (AMR 900/Kevex 
5000A), EMPA (ARL SEMQ), and SAM (Perkin-Elmer 545 at SRL and Perkin-Elmer 590 at ORNL). 
The following observations were made. 


1. Cracks occurred beneath the quench along grain boundaries in alloy (both welded 
and unwelded) affected by heat from quenching (Fig. 2). Some cracks extended into the 
columnar-grain region of the quench (Fig. 3). Cracking in welds away from quench areas 
was not significant. 

2. Grain surfaces in cracks exhibited ridge networks extending over many grains (Fig. 
4). Ridge network patterns on mating grain surfaces were mirror images of each other (Fig. 
5). Mating depressions between ridges constituted grain-boundary cavities a few tenths ofa 
micrometer thick and up to 10 um across. Cavities had smooth, almost mirror-<like surfaces. 
Fracturing of uncracked weld-quench areas generally revealed small ridge networks covering 
only a portion of a grain facet. Some small ridge networks were located near the centers 
of grain facets where it is apparent that mating grains had not separated during welding. 
Ridge networks were not present on grain surfaces in welded alloy away from quench areas. 

3. Two other types of cavities have been detected in DOP-26 iridium alloy. Elongated 
cavities consisting of mating depressions a few tenths of a micrometer deep, a few micro- 
meters wide and several tens of micrometers long were detected along grain edges (often 
along with small ridge network cavities) on grain surfaces in weld-quench areas, but not 
in welded alloy away from quench areas. Submicrometer pores were detected in grain bound- 
aries and within grains of welded alloy, but not in unwelded alloy. 

4. Thorium-bearing deposits in the form of particles, stringers, and patches (some 
with eutectic structure) have been detected on grain boundaries of welded DOP-26 iridium 
alloy. Small cavities were located in areas without thorium-bearing deposits (Fig. 6) 
with only iridium and tungsten at concentrations corresponding to bulk alloy being de- 
tected by SEM/EDX and EMPA in ridges and cavity surfaces. Thorium-bearing particles were 


The author is with the E. I. du Pont de Nemours and Co., Savannah River Laboratory, 
Aiken, SC 29808. Supported by U. S. Department of Energy under Contract DE-ACO9-76SROOO001. 
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FIG. 2.--Weld-quench cracks on capsule 
inner surface. 


FIG. 3.--Section across quench shows crack. 
forming mechanisms that weaken grain bound- 
aries as possible causes of cracking. Gas 
porosity and high-temperature creep are two 
such mechanisms. 

Gas trapped or formed in the alloy could 
migrate to grain boundaries and form cavities 
in areas affected by heat from quenching. 
Pores within grains of welded alloy are indi- 
cations of a source of gas in DOP-26 iridium 
alloy. Pores, grain~edge cavities, and ridge 
networks could form as increasing quantities 
of gas are released to grain boundaries. 
Formation of ridge networks near the center 
of grain facets indicates a pressurization 
process. Ridge spacing indicates a greater 
cavity depth near the centers of ridge net- 
works as expected for gas porosity. The 
smooth surfaces of cavities are a general 
characteristic of gas porosity. The SAM 
results suggest the pressurizing gas contains 
carbon and, possibly, calcium but not oxygen. 
Hydrogen and helium, two gases used in DOP-26 
iridium alloy processing that are not detect- 
able by Auger electron spectroscopy, could 
also be involved in cavity formation. 


detected on surfaces of extended ridge net- 
works. Cavities and thorium-bearing patches 
were found to respond differently to heat 
treatment. Heating a weld-quench region at 
1500°C for 1 hr had no effect on grain bound- 
ary cavities but caused thorium-bearing 
patches to coalesce into micron-size parti- 
cles and stringers. Heating at 2000°C for 
a few minutes apparently healed grain boundary 
cavities. 

>. SAM analyses showed that ridge net- 
work surfaces contained carbon and calcium 
that were not present on uncavitated grain 
surfaces (Table 1). Ridge network surfaces 
also had thorium concentrations higher than 
those detected on grain surfaces in thorium- 
doped iridium alloys.? 


Cone Lustons 


Since the ridge networks that characterize 
weld-quench cracks in DOP-26 iridium alloy 
have been shown to constitute grain-boundary 
cavities, it is natural to consider cavity- 
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FIG. 6.--BSE image and corresponding thorium map showing thorium deposits outside small 


Point analyses detected thorium (up to 5.9 wt.%) at locations 1, 3, 5, 
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TABLE 1.--SAM results for a small ridge network. 


2 tame tmnt nmi at a ve meee te ete SF na 0H mA ea 
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Auger Peak Intensity Ratios* 

Analysis Th (67 eV) C (272 eV) Ca (291 eV) Atom Fractions 
Point No. As Fractured Ir (54 eV) Ir (229 eV) Ir (229 eV) Ir Th C Ca 
1 Ridge 0.36 0.35 0.45 0.66 0.24 0.07 0.03 
2 Points 0.45 0.43 <O.1 0.68 0.28 0.09 0.00 
3 Between Ridges 0.42 0.43 <0.1 0.64 0.27 0.09 0.00 
4 Grain Boundary 0.15 <0.2 <0.1 0.88 0.12 0.00 0.00 
5 Out side 0,22 <0.2 <0.1 0.83 0.17 0.00 0.00 
6 Ridge Network 0.26 <0.2 <0O.1 0.81 0.19 0.00 0.00 

Same Points 

After Sputtering 

5 minutes 
1 Ridge <0.02 0.80T £0 6:1 0.79 0.00 0.21f 0.00 
Z Points <0 .02 0.72T <0.1 0.81 0.00 0.19f 0.00 
3 Between Ridges <0.02 0.82T <O.1 0.79 0.00 0.21T 0.00 
4 Grain Boundary <0.02 0.86T <O.1 0.79 0.00 0.21f 0.00 
5 Out side 0.02 0.70T <0.1 0.81 0.02 0.17t 0.00 
6 Ridge Network 0.07 0.61f <0..1 0.80 0.05 0.15f 0.00 


Pann a eer ENN ma aan NNR Attn al Rn tra AP RNR LE tA RE REN HR I in RS NLR: re 


*Peaks reported as < were not detected. 


t Carbon probably introduced by sputtering. 


that form at lower temperature and higher stress levels, produce small cracks. Grain-edge 
cavities in DOP-26 iridium alloy could be w-type cavities. 

Grain-boundary liquation is usually not considered as a mechanism that produces grain- 
boundary cavities. The structural and compositional differences between ridge networks and 
thorium-bearing grain boundary deposits suggest that weld-quench cracking in DOP-26 iridium 
alloy may not be caused by the liquation mechanism that produces weld-metal cracking in 
iridium alloys containing more than 100 ppm thorium. ° 
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ELECTRON METALLOGRAPHY OF 316 SS AS RELATED TO UNUSUAL CREEP BEHAVIOR (STRAIN BURST) 
D. L. Davidson 


Optical and backscattered electron metallography have been used to investigate the micro- 
structure of a specimen of 316 stainless steel. This cast microstructure has exhibited 
discontinuous strains in creep, known as "strain bursts." By using atomic number and 
channeling contrast, together with selected area electron channeling patterns, one may 
delineate metallurgical factors that help to explain how "strain bursts" might occur. 

Several investigators have found that discontinuous changes in strain occur during the 
creep and cyclic testing of certain metals. The various reports of these discontinuous 
strains--the phenomenon is called "strain bursts," or strain "jumps''--trace the history of 
observation back to one of the original investigators of creep mechanisms, E. N. Andrade, 
who apparently discovered or at least first reported the phenomenon in 1910.! Strain 
bursts have been observed in polycrystalline and single crystal copper ,* Al-4% Mg, ° 304" 
and 316 stainless steels, 7° several nickel-based alloys® Alloy 800,’ and Fe-Al alloys.® 
The metallurgical condition of these different materials is varied, or at least it seems 
so: both wrought and cast alloys exhibit strain bursts, as do weld structures, and both 
single and polycrystals. The experimental conditions, particularly temperature, also have 
been different for the different materials and investigators; this aspect of the strain 
burst phenomenon has been reviewed recently by Sikka and David.° 

Various mechanisms have been suggested to account for strain bursts, but they all have 
in common the development of a dislocation structure which becomes unstable, or a metal- 
lurgical structure which becomes unstable, and allows dislocations to move long distances. 
Klueh’ believes that dislocation pile-ups result from short-range ordering in Ni-Cr alloys; 
Sikka and David attribute strain bursts to the formation of strong and weak regions, in 
their cast, dendritic structure. Strong and weak regions are formed, they postulate, by 
the precipitation of MooC particles in the molybdenum rich dendrites. Monteiro et al.’ con- 
clude that a phenomenon similar to the propagation of a Luders band is responsible for 
strain bursts; Klueh and King have suggested the same thing. 

This paper reports the metallographic investigation of one untested 316 stainless-steel 
specimen machined from material from which many of the specimens exhibited strain bursts 
when tested in creep. The specimen was No. 48 of the series tested by Sikka and David at 
Oak Ridge National Laboratory, who have described the composition of the material, the 
conditions under which it was tested, the location of the specimen within the cast ingot, 
and other information.’ Specimen No. 48 was taken from the same relative position in the 
ingot as Specimen No. 28, which exhibited two strain bursts while being tested in creep at 
866°K at a stress of 241 MPa. 


Technique and Results 


Specimen No. 48 was examined by optical metallography and by the backscattered electron 
metallographic techniques of atomic number contrast, electron channeling contrast, and se- 
lected area electron channeling patterns (SACP). Backscattered electrons were collected 
by a 4-section silicon p-n junction collector, approximately 2 cm*, positioned directly 
beneath the objective lens, and with no specimen tilt. SACP were made using an after-lens 
deflection coil arrangement and with a rocking angle of about 10°, at 30 keV. The speci- 
men was cut diametrically by diamond saw and then electropolished in methanol, 25% nitric 
acid at -20°C. Etching for light optical examination was with the same ferric chloride 
solution used by Sikka and David. This solution attacks the molybdenum-rich dendritic 
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regions of this cast structure. 

Emphasis was placed on comparative optical and electron metallography of the same re- 
gions in order to have the maximum comparative benefit with other work on this material. 
Thus, Fig. 1 shows relatively low-magnification views of a portion of the specimen obtained 
by backscattered electrons and optical metallography. The grain boundary in the upper 
portion of Fig. l(a) is visible due to electron channeling contrast, with the contrast 
arising from the crystallographic misorientation between adjacent grains. This grain 
boundary is shown in its approximate location on Fig. l(b) by the dashed black line. A 
faint groove along the grain boundary may be seen between the black dashes. The dendritic 
structure so evident by light microscopy is only faintly seen in the backscattered image. 
Here, the contrast is due to the difference in atomic number of the matrix and the den- 
drites. The atomic number difference is about one half. This effect is better illustrated 
by Fig. 2, which is a detail of Fig. 1 at higher magnification. The optical micrographs 
give the appearance of the dendrites having sharp boundaries, so that the idealized concen- 
tration profile might appear as a square wave. Conversely, the backscattered electron 
micrograph indicates that the molybdenum concentration profile is much more sinusoidal in 


(a) (b) 
FIG. 1.--(a) Backscattered image and (b) light optical image (Nomarski) of same region 
showing dendritic and grain boundary structure. 

(a) (b) 


FIG. 2.--(a) Backscattered image and (b) light optical image of same region showing den- 
dritic and grain boundary structure. 
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gradient, so that the dendrites lack sharply defined concentration boundaries. Note that 
the regions of higher molybdenum concentration are lighter gray because of the increased 
backscattered yield of this region of slightly higher atomic number. In fact, concentra- 
tion profiles by microprobe analysis (Fig. 8 of Sikka and David) indicate much the same 
results as the backscattered electron micrograph. 

A low-magnification channeling micrograph, which reveals at least 10 grains, is shown 
in Fig. 3, together with the SACP from the grains numbered. The scale is such that 90% of 
the 6.4mm specimen area is being viewed in this micrograph. Thus, there are approximately 
10 grains constituting the specimen cross-sectional area, with grains 1, 2, 3, and 6 cov- 
ering about 90% of the area of the micrograph. The crystallographic and relative spatial 
orientations of 6 of the largest grains are shown in Fig. 4. Note that all of the grain 
orientations lie along a broad band between the (001) and (122), except. for grain So. The 
maximum angular misorientation between normals is 28° between grains 1 and 6. Grains 1 
and 3 lie within 3° of the (111) and cover approximately 40% of the cross-sectional area 
of the specimen. 


Discusston 


The results of this metallographic examination would indicate that the material being 
tested which exhibits strain bursts is not polycrystalline in the sense of being an aggre- 
gate of randomly oriented crystallites whose maximum dimension is small as compared to the 


FIG, 3,-~Backscattered micrograph of 90% of cross-sectional area of specimen showing very 
large grains. Selected area electron channeling patterns of numbered grains are also 
shown. 
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size of the solid of which they are a part. Conversely, this specimen is a quasi-single 
crystal, more correctly described as a few crystallites separated by relatively low-angle 
boundaries. Within each crystallite, there is a slight sinusoidal-type concentration mod- 
ulation caused by the dendritic structure. Thus, it is easy to understand how dislocations 
might initiate at a grain boundary, the specimen surface, or some other discontinuity and 
glide long distances--nearly the diameter of the specimen--without encountering a barrier. 
The initial barrier might even be a dislocation pile-up caused by strain aging or short 
range order or something else. Whatever the barrier, slip would then be initiated by 
thermal activation and the dislocations could glide long distances before meeting another 
barrier. The SACP of Fig. 3 have very sharp lines and higher-order lines, which indicate 
the dislocation density of the as-cast material was ~10'-10© cm-*. With such large grain 
size and low dislocation density, unstable deformation behavior in this material is not 
surprising, and it is not necessary to hypothesize, in this material, any unusual or com- 
plex mechanisms to describe the strain-burst events. 
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MICROPROSPECTING FOR PRECIOUS METALS WITH AN AUTOMATED ELECTRON MICROPROBE 
M. D. McConnell, R. B. Bolon, and W. T. Grubb 


Precious minerals occurring in micron-size particles but dispersed in other phases so that 
their overall average concentration is 1 ppm or less have been successfully located with 
automated electron microprobe procedures. Although initially developed to locate gold in 
discarded mine tailings, this technique has also been used to find micron-size silicon 
grains in aluminum oxide and arsenic grains in heavy mineral concentrates. 

The ability to find small micron-size grains at the parts per million level in a matrix 
of solid material or fine powder becomes important not only when one is looking for low- 
level impurities, but also for valuable minerals in low concentration. The advantage in 
finding these particles in place is that the phase or phases they are associated with can 
also be identified. This information can be valuable in optimizing extraction processes. 


Method 


The procedure combines specimen stage stepping and electron beam scanning or rastering 
to examine large areas of polished specimens. To get a feeling for the size of the area 
that must be scanned to find one particle, we considered the problem of finding lum gold 
particles at a level of 0.1 ppm. A lum particle of gold weighs 2 x 107!! g in tailings 
with an average density of 2.8 g/cm?. Therefore 1 cm°® would contain 14 000 lum particles 
of gold. Based on an average analysis depth of 1 um, that corresponds to 1.4 particles 
per square centimeter of sample surface. A 50um raster was selected as a compromise be- 
tween too large an area to permit detection of a particle within it and too small so as 
to extend the analysis time beyond acceptable limits. The crystal spectrometers were used 
because of their superior wavelength resolution and count rate capability relative to 
energy-dispersive systems. The x-ray intensity on the pure gold standard at 25 kV and a 
beam current of 250 nA is 35 000 counts per 5 s. The fractional area of a 2um-diameter 
particle in a 50 x 50um raster is 1.6 x 107%. Therefore the signal expected from this 
particle in 5 s would be approximately 56 + 20 counts. In order to cover 1 cm* sample 
surface, it was determined that 40 000 areas would have to be scanned for a total data 
collection time of 56 hr. Any increase in data collection time to improve sensitivity 
would go beyond the constraints of machine stability and availability. However, some 
improvement in sensitivity was obtained by tuning two spectrometers to the Au Ma line and 
summing the values. 

A computer-controlled Cameca model MBX microprobe was used to search the sample at 
50 * 50um fields with a dwell time of 5 s. Two crystal spectrometers were tuned to the 
gold Ma line at 5.84 A. A flextran program was written to step the stage, measure inten- 
sities, and store coordinates of values which are twice the average background. Initial 
experiments revealed a minor zirconium line at 5.83 A that overlapped the gold line, and 
many zirconium-rich particles were being counted. Thus a third spectrometer was tuned to 
a major zirconium line and these hits were automatically rejected. The microprobe was 
set up to operate overnight, and the following day hits were relocated and a detailed 
analysis of the particles and their surrounding mineral phases was accomplished by use of 
the energy-dispersive detector and the scanning capabilities. 


Sample Preparatton 


Since the samples used in this study were powders about 100-200 mesh in size, it was 
necessary to press and mount the samples for microprobe examination. The powders were 
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pressed at 25 tons into half-inch disks. The disks were mounted in epoxy resin and care- 
fully polished through a series of abrasives ending with 0.3um aluminum oxide. Experi- 
mentally it was found that heavy mineral concentrates could be prepared in this manner in 
the as-received condition. However, tailings and ground ore rock were not coherent enough 
to withstand the polishing procedure. In these cases, the powders were first coated with 
copper by an electroless deposition procedure?’ and then pressed, mounted, and polished. 
The copper not only acted as a binder, but also provided electrical and thermal conduc- 
tivity. Samples were lightly coated with carbon to improve conductivity. 


Results and Dtseusston 


The first sample analyzed was a copper concentrate with 6 ppm Au. After 15 hr of 
microprobe time, during an overnight run, one gold particle 3um in diameter was located 
within a chalcopyrite grain. Plate 1 is a series of micrographs of this particle and the 
surrounding matrix. The lower left micrograph typifies the problem. The gold particle 
at 200x is just visible to the left of the white label. High-atomic-number elements show 
up as bright areas in a low-z matrix; however, this feature is not always sufficient for 
a successful search. Note that the actual gold particle is not visually distinguishable 
on that basis. Other investigators!+? used this method of searching by scanning polished 
sections in the backscattered electron mode looking for bright areas. All bright areas 
had to be examined to determine their noble-metal content. This procedure is very time 
consuming and tedious. The method described herewith leaves the microprobe unattended 
until several hits have been located on the sample. Subsequently a second gold particle 
about 2.5 um in diameter was found embedded in an aluminum silicate mineral. 

A final tailings sample composed mostly of aluminum silicates and containing 0.1 ppm 
of gold was prepared metallographically and searched. After scanning 26 000 areas, one 
sum gold particle was discovered. A copper halo surrounded this gold particle, which 
suggests that 1t was a free particle that received copper plating during preparation. 
Energy-dispersive analysis revealed little if any silver in this particle. At the close 
of this study a total of 13 Au particles were identified and characterized. 

In a similar study, heavy mineral concentrates were searched for the presence and 
association of arsenic, thought to be present at the 1000ppm level. Two arsenic phases 
were located in a 10 000 raster analysis. Another project successfully located lum silica 
particles in alumina powder. Future work is planned to locate specific impurities in 
coal ashes. 
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DETERMINATION OF XENON IN IRRADIATED NUCLEAR FUEL BY MEANS OF A SHIELDED ELECTRON 
MICROPROBE 


E. D. Jenson 


A technique for the determination of fission product xenon in irradiated nuclear fuels is 
presented. Xenon concentrations under 0.5% in a UO2/Pu0. matrix are routinely determined 
using this technique. Due to the radioactivity of the samples, a shielded microprobe, 
MAC 450, is used. Results on experimental breeder reactor fuel show that the retained 
xenon is almost entirely contained in the unrestructured fuel area, i.e., the outer 1/4 
of the pin radius. 

The distribution of xenon in irradiated nuclear fuel has important thermal and nucleon- 
ic consequences. ‘Thermally, the presence of xenon gas bubbles decreases the fuel conduc- 
tivity relative to unirradiated fuel and can thus limit the effective power delivered by 
a reactor. Also, the gas bubbles lead to fuel swelling,! which is highly undesirable. 

From the nucleonic standpoint, the high affinity of !%°Xe for neutrons has been known to 
depress the nuclear flux so severely that reactor criticality could not be achieved.*>° 
Clearly, the influence of xenon on fuel performance is such that we should be well informed 
on its behavior during reactor operation. Therefore, we need good analytical techniques 

to determine xenon in irradiated fuel. 

Much of the early work on fission gases in nuclear fuel was carried out by use of 
transmission electron microscopy (TEM) ,* to study the distributions, size, and morphology 
of the xenon/krypton bubbles. More recent work has been with scanning electron microscopy, 
laser fusion techniques, * and high-temperature fusion with gas chromatographic detection. ° 
The present contribution addresses a technique of determining relative xenon concentration 
by means of a shielded electron microprobe. 

The determination of xenon by microprobe is done by driving a spectrometer over the Xe 
La x-ray peak (3.016 A) from about 8 x units above to 8 x units below the peak maximum. 

The wavelength-dispersive spectrometer is driven over the peak in 0.5 x units steps, 
counting for 10 s at each position. The data are then smoothed and the minimum on each 
side of the peak is located. The count rates at the minima are averaged and used as back- 
grounds. The sum of all count data (minus background) between the minima is taken as the 
peak area. An approximate concentration is obtained by comparison to the corresponding 
peak area of barium in the mineral benitoite. Since long runs (4-8 hr) are typical, the 
matrix element uranium is used as an internal standard to correct for beam current drifts 
during the analysis. The concentrations of xenon found are usually a few tenths of a 
percent, rarely as much as 1%. Normally a sample current of 1 yA at 25 kV is used. 

It is frequently difficult to tune the microprobe to elements at this concentration 
range due to the low counting rate. The above technique eliminates that problem by cov- 
ering a range including the peak. Also, backgrounds across a section of irradiated nuclear 
fuel change due to the uneven distributions of fission products, and therefore beta/gamma 
activity, across the pin. These effects are also corrected for since backgrounds are taken 
at every analysis position. 

Xenon standards for electron microprobe work are nonexistent. The compound Na, XeO¢ 
has been used to determine the wavelength of the xenon x-ray lines,® but is unstable under 
electron-beam bombardment and therefore is not usable. Xenon implanted in fuel is probably 
an acceptable alternative, but we have not tried that approach. Our work has been more 
concerned with relative xenon concentrations than absolute values. On a relative basis, 
the xenon standard has been approximated by a barium standard. The sample current is re- 
duced from 1 pA on fuel to a few tenths of a microamp on benitoite to avoid damaging the 
mineral surface. Use of Ba in this way allows direct comparison between xenon concentra- 
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tions in different fuel samples. Since relative values of concentrations are all that is 

needed, we apply no ZAF (atomic number, absorption, fluorescence) corrections to the data. 
Also, the xenon distribution is inhomogenous and the ZAF corrections would be difficult to 
apply rigorously. 

Interference with the xenon determination arise from either the U0,/Pu05 matrix or the 
other fission products generated along with xenon. A uranium fourth-order L8 line is al- 
most superimposed on the xenon line.’ However, it is easy to discriminate against that 
line by the pulse-height analyzer. <A potentially more serious problem is from the first- 
order tellurium L8 line, at 7 x units lower wavelength. However, the concentration of 
tellurium is only about 20% of that of xenon (after a reasonable time is allowed for radio- 
active decay) and its x-ray intensity, from elemental tellurium, is less than 10% of the 
intensity of the xenon La line used for analysis. Therefore, the extent of tellurium 
interference should be small. Another fission product, antimony, has a first-order L8 
peak 5 x units from xenon and could create some problems. However, the concentration of 
antimony is only about 1% of that of xenon. Also, the line intensity is only about 15% 
that of xenon. Hence, we expect no problems from this source. Other interferences exist 
from other fission products, but they are from multiple-order lines and can easily be dis- 
criminated against by use of the pulse-height analyzer. 

A comparison of xenon concentrations determined by microprobe analysis and by some 
other independent method is highly desirable. The best comparison would be between two 
fuel samples from the same pin at adjacent positions. This procedure would assure the 
same neutron exposure and temperature history for both samples. Such a comparison has 
never been made. However, a comparison has been attempted between sibling pins--with the 
same fuel composition, pin structure, and (if possible) irradiation history--on which 
xenon has been determined gas chromatographically (after fusion) on one sample and by 
microprobe on the other. 

The gas chromatographic technique measures the total amount of xenon present in a sam- 
ple; the microprobe technique measures the concentration of xenon in a very small area. 
Hence the microprobe data must be integrated across the entire surface of the pin. The 
results have been variable, ranging from excellent agreement to poor. One of the problems 
is having a true sibling pin following irradiation and thus a valid comparator. Accumu- 
lated dose, operating temperature, and power are usually different and lead to different 
microstructure of the fuel. Changes in the fuel microstructure can lead to significant 
differences in retained fission gas. For example, changes in microstructural properties 
such as open or closed porosity lead to changes in the amount of fission gas retained. 
Closed porosity effectively traps xenon bubbles within the fuel; open porosity allows gas 
to move readily to cracks or the surface and eScape. Such differences in fuel structure 
make comparison between fuel pins very difficult. 

The effect of localized heating by the impinging electron beam could be significant. 
Sufficiently high temperature could increase the mobility of the xenon enough to allow it 
to diffuse through the fuel matrix and escape. Experiments to look for this effect have 
shown that the xenon concentration remains constant for at least 30-40 min. However, 
since a measurement takes 8-10 min, an initial rapid loss of xenon would not be detected. 

In prototype breeder reactor type fuels, almost all the xenon is found in the outer 
1/4 of the fuel radius, i.e., the unrestructured region. Some xenon may still be detected 
in the thermally hotter central region of the fuel in pins operated at lower power levels. 
However, in high-power fuel pins, xenon is usually undetectable in the central region of 
the fuel. Figure 1 shows the relative xenon concentration from 3 fuel pins irradiated to 
about the same burnup, but at power levels differing by about a factor of 2, 
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FIG, ]1.--Relative radial profiles of retained (intragranular) fission gas at axial midplane 
from three fuel pins irradiated to about 50 kWd/kg at about 20, 30, and 40 kW/m. 
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6 
Scanning Electron Microscopy 


MEASURING THE FIELD FROM A MAGNETIC RECORDING HEAD IN THE SCANNING ELECTRON MICROSCOPE 


QO. C. Wells, P. J. Coane, and C. F. Aliotta 


In optical photography, the schlieren image can show the shock wave from a bullet or from 
the model of a supersonic airplane in a wind tunnel.’ A similar effect can be achieved 
in the SEM by rocking the beam about a point in the plane of a knife edge, contrast aper- 
ture, or reference mesh*’* by means of the selected-area electron channeling pattern (SA- 
ECP) scanning mode.* This procedure makes it possible to modify the field-plotting tech- 
niques of Thornley and Hutchison? (the TH method) and of Rau and Spivak, ° so that the im- 
age now shows the contours of equal beam deflection directly (although at present over a 
smaller area), rather than in a derived manner. As is so often the case, the TH method 
can now be used together with the new ideas to give a more powerful combined approach. 


Seanning Modes 


In the TH method, the sample is mounted at a glancing angle in the SEM so that the 
electron beam must pass through the fringing field to reach a reference mesh located below 
(Fig. la). In the image, the reference mesh occupies half the space; the recording head 
is seen edge-on in the foreground (Fig. 2). If there is a fringing field above the speci- 
men, the beam is deflected through an angle 


Oaer = 17BL/VEg degrees (1) 


where E, is the electron beam energy in eV and BL is the deflecting field-times-distance 
integral (FDI) in gauss-cm. The displacement D in the reference plane caused by this de- 


flection is then 
D=S sin Csef (2) 


where S is the distance between the specimen 
and the reference plane. In the present work, 
where S = 0.45 cm and E, = 10 keV, Eq. (2) 
reduces to: 


D = 0.0027BL (3) 


where D is in cm and BL in gauss-cm. If the 
beam is scanned in the manner shown in Fig. 
l(a), this displacement distorts the image of 
the mesh. The FDI canbe expressed as either 
CPD). (FDI)t or (FDOT), depending on whether 
it is a component of the field in the direc- 


FIG. l--(a) Topographic scanning mode tion of the arrow or the total field that is 
as used by Thornley and Hutchison. ° being integrated in the FDI. The direction 
(b) SA-ECP scanning mode as used in of the arrow (whether > or t) also shows the 
schlieren method. ”’ (M = scanning direction of the mesh bar that is displaced 
mode, S = specimen, R = reference mesh) sideways in the image by that component of 


The authors are at IBM Thomas J. Watson Research Center, PO Box 218, Yorktown Heights, 
NY 10598. They wish to thank B. P. Piggin for providing the samples and for helpful dis- 
cussions, and J. J. Bucchignano, D. P. Kern, J. L. Speidell, R. G. Viswanathan, and H. R. 
Voelker for fabricating the reference meshes. 
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the f1eld. 

In the schlieren method in the SEM, the beam is rocked about a point in the reference 
plane using the SA-ECP scanning mode (Fig. 1b). The following argument can be used to 
show that the two sets of mesh bars are now distorted in the image to lie along the con- 
tours of equal (FDI)_, and (FDI)t in the specimen plane. Consider first the mesh bars > 
that are parallel to the surface of the specimen. If there is no field, the beam lands 
in the center of a mesh bar throughout the entire scanning motion, to give a uniform gray 
level in the recorded secondary-electron image. At points that lie along a certain con- 
tour in the specimen plane, the (FDI)_, have the precise value needed to deflect the beam onto 
the edge of the adjoining mesh bar, whose edge therefore appears in the recorded image to 
lie along that contour in the specimen plane. In other words, the edges of the mesh bars 
will appear to lie along the contours of equal FDI because the point of arrival of the beam 
in the reference plane is determined (to first order) only by the FDI along the electron 
path, and not by the position of the scanning beam. 


Nomenelature 


The word sehlteren is derived from the German noun Schlieren, meaning shadow. The 
Foucault test for telescope mirrors also involves the use of a knife edge and is mathe- 
matically very similar. The present application, which shows a shadow of the magnetic 
field (such as in Fig. 4a) resembles the schlieren method for showing shock waves in air 
more closely than it resembles the testing of mirrors for geometrical accuracy.’ The word 
schlieren was used by Marton and Lachenbruch’ to describe images of the fringing field from 
a magnetized wire in the transmission electron microscope, which is entirely appropriate. 
(It is not clear why the word Foucault later replaced the word schlieren in that situation.) 
For the purpose of describing this image contrast in the SEM, it would seem that the word 
schlieren is also appropriate. 

Marton and Lachenbruch’ drew a clear distinction between two methods for studying mag - 
netic fields in the TEM. The first was the schlieren method, which is the reciprocal of 
the schlieren method as described here.* The other involved "deformed shadows of a thin 
obstruction" and gave images that were essentially the same as are given by the TH method. 
A problem with the nomenclature then arises if the knife edge in the schlieren method is 
replaced by a mesh, because im both cases the image (whether obtained by the TH method as 
in Fig. 2b or by the schlieren method as in Fig. 4b) can then be regarded etther as a 
spatially undistorted image of the specimen plane or as a distorted image of the mesh. 

The critical distinction between these two methods is whether the mesh lines appear 
to be lined up along the FDI contours or not. In this paper, the word "schlieren" has 
been extended to refer to images in which the mesh bars are lined up along the contours 
of constant FDI. This extension can be justified by regarding Fig. 4(b) as a superposi- 
tion of schlieren images where each side of each mesh bar corresponds to a knife edge. 


Expertmental 


Two types of reference mesh were used. The first consists of parallel lines in two 
directions at right angles (Fig. 2). The periodicity is 10 um; the line width is 2.66 um. 
This shows the contours of equal deflection about lines that were parallel ~ and perpen- 
dicular f to the surface of the head. The second consists of concentric circles with a 
difference of 2.5 um in the radius from one circle to the next (Fig. 5a). This was used 
to show the lines of total beam deflection. In both cases, the meshes were formed by 
electron beam lithography from a 4000A gold film on a silicon wafer. The reference mesh 
could be centered in the SEM independently of the motions of the sample. 

Figures 2-4 show some results obtained with an experimental ferrite recording head and 
the rectilinear reference mesh. The SEM was a Stereoscan S-250 (Cambridge Instrument Co.). 
The head had been mounted during manufacture at the center of an approximately flat, cir- 
cular "flying assembly" of diameter 0.72 cm. It was carbon coated to prevent charging and 
mounted with the gap parallel to the beam at an adjustable glancing angle of between zero 
and ~2°. The surface of the head and of the flying assembly can therefore be seen (if at 
all) with considerable foreshortening. Owing to the rocking motion, the magnification in 
the plane of the head is less than the magnification of the foreground detail on the closer 


edge of the head assembly. 
Figure 2 shows the TH method. Here, Fig. 2({a) was obtained with the head switched off; 
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FIG. 2--Study of an experimental ferrite FIG. 3--Setting up for schlieren method: (a) 


magnetic recording head by the TH meth- SA-ECP image of reference mesh at lowest avail- 
od:° (a) with no current; (b) with 10 mA able magnification (note central uniform area); 
de excitation (E, = 10 keV, periodicity (b) with head moved to center of field. 


of mesh = 10 um.) 


Fig. (2b) shows the effect of 10 ma dc. Three effects can be seen. First, the entire 
mesh shifts downwards by 1.0 mesh spacings (= 10 um), as is shown by the displacement of 
the top right corner of the mesh. This uniform shift is the result of a uniform 'back- 
ground" (FDI)_, of 0.1 gauss-cm produced by this particular head. Second, there is a local- 
jzed distortion in Fig. 2(b) caused by the field from the gap. Third, there is a small 
(but nevertheless quite visible) distortion of 0.15 mesh spacings close to the gap even 
when the head is switched off, which is caused by the remanent magnetization (equivalent 
to an (FDI)_, of 0.03 gauss-cm) of the head. (In this image, as with Figs. 4 and 5 below, 
the position of the gap is several microns into the bright region where the beam strikes 
the head.) 

The procedure for obtaining a schlieren image is as follows. First an SA-ECP image of 
the reference mesh is obtained at lowest possible magnification (Fig. 3a). The central 
uniform area represents the angular range of scan over which the rocking beam is incident 
onto a mesh bar. In the outer parts of the image, the spherical aberration in the final 
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FIG. 5--Plotting contours of total (FDI), 
rather than (FDI)_, or (FDI)t: (a) reference 
target consists of concentric rings that must 
be accurately centered on SEM axis (diameter 
of outer circle = 45 um); (b) in schlieren 
image, innermost circle corresponds to outer- 


Most Crrcele an target. 


FIG. 4--After increasing magnification 
in Fig. 3: (a) schlieren image with no 
current (showing x component of remnant 
field); (b) with 10 mA de excitation; 
(c) circles drawn according to model 
proposed in text. (E, = 10 keV; hori- 
zontal field of view in plane of field 
measures 45 um from left to right.) 
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SEM lens spoils the rocking motion to 
give a distorted image of the mesh. The 
reference mesh must be shifted and the 
final lens must be adjusted until the 

F = constant { central uniform area isas large as pos- 

y sible. (This central uniform region, 
which in Fig. 3 measures ~300 um in di- 
ameter in the plane of the fringing 
field, is the region over which the 
schlieren method will work.) The pre- 
ceding lens must be adjusted so that the 
bars are sharp. The recording head is 
then moved forward until it bisects the 
central uniform region (Fig. 3b). 

—! a : If the magnification is increased, 

A © Cc the uniform central region in the SA-ECP 
image of the mesh expands to fill the 
entire lower half of the image. The im- 
age obtained with this scanning mode is 
inverted on the screen of the SEM in 
comparison with the more usual topograph- 
ic scanning mode. (The micrographs are shown here as they appear on the screen of the SEM.) 

The small dark area in Fig. 4{(a) shows the x component of the remanent flux when the 
head is switched off. The edge of this area corresponds to a deflection of half of the 
width of the mesh bar, or a (FDI), of 0.5 gauss-cm. If the head is energized, the mesh 
bars are distorted to lie along the contours of equal (FDI)? or (FDT)_, about axes parallel 
to the directions of the mesh bars (Fig. 4b). The interval in (FDI)t or (FDI)_, between 
the successive mesh bars in Fig. 4(b) is calculated to be 0.37 gauss-cm from Eq. (3). 

The easiest way to obtain an absolute calibration for the curved mesh bars in Fig. 4(b) 
is to rock the beam about a bar that is--for example--the fifth from the edge of the ref- 
erence target. The curved bars in the center of Fig. 4b then disappear (as is the case in 
Fig. 4c). The calibration of the innermost bar is then given by the deflection to the edge 
of the reference mesh. A mesh with coded bars is being prepared to facilitate calibration 
of the image. 

Another way to identify the bars is from the model for an unsaturated head with a van- 
ishingly small gap described below. The circles in Fig. 4{c) are drawn according to this 
model on the assumption that the rocking point is at the center of the fifth bar from the 
edge of the reference mesh. (A better angular fit with the radial bars would be obtained 
if the rocking .point was assumed to be 1 um along the bar from the center point.) 

The procedure with the ring target is similar. An SEM image of this target is shown 
in Fig. 5(a). This image must be accurately centered below the specimen plane in the SEM; 
the SA-ECP scanning mode is used in the same way as before. The schlieren image that rep- 
resents the contours of total CEDT Ys is shown in Fig. 5(b). Here, the ztmner ring in the 
schlieren image represents the outer circle in the target. Since the radius of the outer 
circle ‘in Fig. S{a). 1s 22.5-pm, the (FDI), of the inner circle in Fig. 5.(b) must be 0.833 
gauss-cm from Eq. 3. The difference in (FDI), between successive circles in Fig. 5(b) is 
calculated to be 0.093 gauss-cm. (According to the model that is described below, these 
contours should be circles centered on the gap.) 


F = constant o 


EF, = constant ¢ \ 


FY = constant > 


FIG. 6--Lines of constant F, constant Po, and 
constant F,. drawn according to two-dimensional 
potential distribution given by Eq. (4). 


Disecusston 


This work has demonstrated the possiblity of plotting the FDI derived from either a 
component of the field or from the total field by the schlieren method with either a rec- 
tilinear or a circular target. The main experimental requirement is to center the mesh 
accurately below the specimen on the axis of the SEM. (In this work, an additional x-y 
mechanism was used.) With a gold-on-silicon mesh, the signal is obtained from the usual 
secondary-electron detector. An idea that suggests itself would be to use a solid-state 
detector with a gold pattern on the surface. Another idea would be to increase progres- 
sively the width and spacing of the bars (or circles) in a given direction, so that the 
high-field regions in the center of Figs. 4(b) or 5(b) can be more clearly resolved. 
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Coded bars would facilitate the calibration of the image. 

A simplified two-dimensional model for an unsaturated recording head with a vanishing- 
ly small gap is as follows. Suppose that the fringing field above the gap is approximated 
by the two-dimensional scalar potential distribution 


d=, tan * (y/x) (4) 


where x and y are shown in Fig. 6. This distribution has the following properties. First, 
the field line corresponding to a constant field F is the semicircle ABC of radius R, where 


F = 2¢9/mR (5) 


At the highest point B of this semicircle, the x component of the field F, is also equal 
to F. It can be shown that the contour of constant F, is a circle drawn on OB as a diame- 
ter. Likewise, the contours of constant F,, (positive and negative) are semicircles drawn 
on AO and OC as diameter. This model predicts that the contours of constant F, should be 
families of circles that are tangent to the surface of the head at the gap and whose di- 
ameters are inversely proportional to the distance by which the beam is deflected in the 
reference plare. Specifically, the center lines of the first three mesh bars should ap- 
pear as circles with diameters in the ratio of (1/1) : (1/2) : (1/3) : . . . that are 
tangent to the surface of the head at the gap. (The outer circle in Fig. 4b can therefore 
be identified as the first mesh bar.) The contours of constant F, should be similar fami- 
lies of circles, but tangent to the normal to the surface of the fend at the gap (Fig. 4c). 

In the schlieren image that was described earlier,* the lower edge of the sample was 
used as a knife edge, which avoids the need for a centering mechanism for the reference 
mesh. Although easier to set up, this configuration is harder to calibrate. Also, it 
only shows a single contour for the field component parallel to the surface. 

Preliminary experiments have indicated that this method will show the field from mag- 
netized particles. The method might be also useful for investigating the deflection and/or 
scattering of electrons from the edges of SEM beam-defining apertures. 

The size of the area in the specimen plane over which the field can be plotted is 
smaller with the schlieren method than with the TH method, because the final lens in the 
SEM is designed to give the best possible resolution under the usual operating conditions 
and has a high spherical aberration coefficient when weakly excited for the SA-ECP scan- 
ning mode. The schlieren method would work better if dynamic focus could be applied to 
the final lens in order to increase the angle over which the beam rocks accurately about 
a point (or if the bore and spacing of the polepieces in the final lens could be increased 
in order to reduce the spherical aberration coefficient in the weakly excited condition. ) 

Insofar as magnetic contrast is concerned, it is to be expected that the detection 
limit with all of these methods (and with a diffraction-limited SEM) will be related to 
the fluxon unit. °?? 
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THERMAL-WAVE TMAGING IN A SCANNING ELECTRON MICROSCOPE 
Allan Rosencwaig 


High-resolution thermal-wave imaging of surface and subsurface thermal features can be 
performed in a scanning electron microscope. Applications include the detection of sub- 
surface mechanical defects, such as microcracks and delaminations; the imaging of dopants 
or variations in crystal structures; and the evaluation of bonding integrity. 

Thermal-wave imaging is a new technique by which microscopic thermal features on or 
beneath the surface of a sample can be detected and imaged.!** Thermal features are those 
regions of an otherwise homogeneous material that exhibit variations, relative to their 
surroundings, in either the density, the specific heat, or (most important) the thermal 
conductivity of the sample. Variations in these thermal parameters can arise from changes 
in basic material composition, from the presence of mechanical defects such as microcracks, 
voids, and delaminations; from changes in crystalline order or structure; and even from 
the presence of small concentrations of foreign ions or lattice defects in an otherwise 
perfect crystal. 

In thermal-wave electron microscopy the electron beam of a scanning electron micro- 
scope is blanked in the 100kHz-10MHz range. The periodic surface heating that results 
from the absorption of the electron beam generates thermal waves that propagate from the 
initially heated region. These diffusive thermal waves are critically damped and propa- 
gate only one to two wavelengths before their intensity becomes negligibly small. Never- 
theless, within their propagation range, the thermal waves scatter and reflect from thermal 
features much like conventional propagating waves do from optical or acoustic features. 
Imaging of the thermal features thus requires the detection of the scattered and reflected 
thermal waves. This process takes place in a Therma-Wave, Inc.,° thermal-wave microscope 
by detection of the effect of these thermal waves on the thermoacoustic signals generated 
in the bulk of the sample. The thermoacoustic signals are detected in turn with a suitable 
piezoelectric transducer in acoustic contact with the sample. The magnitude and phase of 
the thermoacoustic signals are directly affected by the presence of scattered and reflected 
thermal waves.© Thus, by measuring the magnitude and/or phase of the thermoacoustic signal 
as a function of electron-beam position on the surface of the sample, an image is generated 
that depicts the various thermal-wave scattering and reflection events that occur at each 
point on the sample. 


1-4 


Subsurface Defects 


Subsurface mechanical defects such as voids, cracks, and delaminations represent sub- 
stantial thermal features and are thus readily detected with a thermal-wave microscope. *> +7 
One illustration of this application is shown in Fig. 1. Figure l(a) is the electron back- 
scatter image of a GaAs device, where the only visible defects are two seemingly insignif- 
icant chip-outs at the edge of the device, one along the right-hand edge and the other 
along the bottom. However, the thermal-wave image (Fig. 1b) shows that the small chip- 
out along the right-hand side is a much larger subsurface delamination that extends into 
the lower gate of the device, where it results in a "loop-like™ subsurface flaw. The 
small chip-out along the bottom is also seen to be the origin of a long subsurface crack. 
Therefore, where optical and electron images show only two insignificant defects, the 
thermal-wave image shows the presence of serious subsurface defects. 


Crystalline Vartattons 


When a crystal lattice is highly ordered, minor changes in lattice structure can pro- 
duce measurable changes in the local thermal conductivity of the material and thus can be 


The author is with Therma-Wave, Inc., Fremont, CA 94539. 
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imaged with a thermal-wave microscope. 328 This capability is illustrated in Fig. 2, which 
shows a GaAs device. The optical and electron micrographs image the visible features of 
the gate structure in the device. The thermal-wave image shows, in addition, the Si-doped 
regions of the GaAs, since these regions have thermal conductivity different from that of 
the undoped regions. Such images permit a rapid and nondestructive analysis of the effects 
of lateral diffusion of dopants in semiconducting crystals. 

The imaging of crystalline variations can also be useful in metallography,*>? since 
different metallic phases or grains can be readily imaged with no special sample prepara- 
tion. In Fig. 3 the columnar grains that have formed in a weld region of an aluminum alloy 
are visible in the thermal-wave image. Another example is shown in Fig. 4. The electron 
micrographs of the Al-Zn alloy show only surface topographical features. The thermal-wave 
micrographs, however, clearly show both the grain structure and, at high magnification, 
the presence of Fe or Sn precipitates. Other studies with metals have indicated applica- 
tions in studies of mechanical deformation? and grain boundaries. 


Bonding Integrtty 


Microscopic details in a thermal-wave image are due to reflection and scattering of 


FIG. 3.--Thermal-wave image of weld region in 
aluminum alloy. Columnar grains in this region 
are clearly visible. (Mag. 30x.) 
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thermal waves from surface and subsurface thermal features. In addition, thermal-wave 
images often exhibit large bright and dark areas which represent the acoustic modes of the 
sample. ?° The incident electron beam is very effective in exciting the plate modes of 
vibrations in thin samples such as IC chips and wafers. Thus, at certain resonant fre- 
quencies, vibration patterns are set up in the sample characterized by regularly spaced 
nodes and antinodes. When the electron beam is at a plate node on the sample surface there 
is no enhancement of the thermoacoustic signal. However, at the antinodes there is con- 
siderable enhancement, 180° out of phase between a positive and negative antinode. Thus 
the plate mode vibration pattern is seen as a pattern of bright and dark regions in the 
thermal-wave image, corresponding to the positive and negative antinode regions on the 
sample surface. If the sample is a wire, then the thermal-wave image displays the radial 
acoustic modes in the wire. 

Because of their short wavelength (generally below 20 um), thermal waves are unable to 
penetrate through an IC die to probe the bonding between the die and its support structure. 
However, IC dies are thin plates and thus exhibit plate mode vibration patterns in their 
thermal-wave images. The intensity of these vibrations is a sensitive function of the 
thickness of the sample, decreasing as the thickness increases. The same effect occurs 
when a thin sample is bonded to a thicker substrate. The combination of the two structures 
now constitutes a much thicker sample and the vibration intensities decrease. How strong 
this effect is depends on the integrity and uniformity of the bond between the die and its 
supporting structure. The plate mode patterns seen in the thermal-wave image can thus be 
used for comparative evaluation of die attach. 

Figure 5 shows the thermal-wave images of two large silicon IC dies mounted in large 
ceramic DIP packages. The die in Fig. 5(a) is known to have a "poor' die-attach; that in 
Fig. 5(b) is a "good" die-attach. In agreement with that, the die in Fig. 5(a) shows a 
strong plate mode pattern indicative of a "thin plate" sample; that is, of a die that is 
poorly attached. On the other hand, the die in Fig. 5(b) shows little evidence of a plate 
mode pattern, indicating a "thick-plate" sample; that is, a die firmly and uniformly bonded 
to its support structure. 

Although still in its formative stage, thermal-wave imaging has already demonstrated 
several interesting and useful applications for a variety of material studies. As an add- 
on system to a scanning electron microscope, it can provide the electron microscopist with 
another valuable analytical tool. 
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CRYSTAL LATTICE STUDIES USING ELECTRON CHANNELING PATTERNS 
D. C. Joy and R. C. Farrow 


Electron channeling patterns (ECP) permit crystallographic studies to be made of bulk sam- 
ples in the scanning electron microscope (SEM) in the same way as diffraction patterns 
allow the examination of electron transparent crystals in the transmission electron micro- 
scope (TEM). The electron channeling contrast is a weak (typically 5%) modulation in the 
backscattered signal which occurs as the angle of incidence between the beam and the lat- 
tice planes is varied through deviations of the order of a Bragg angle. When optimum 
electron-optical conditions are set up patterns can be obtained at visual recording rates 
from areas as small as a few microns in diameter. The choice of these conditions and the 
required operating procedures have been discussed in detail elsewhere. ! 

An ECP can be characterized in two different ways. First, by its geometry, which is 
determined by the crystallographic constants of the sample (i.e., the lattice type, lat- 
tice spacings, and crystal orientation) and by the energy of the incident beam; provided 
that these parameters remain unchanged the geometric representation of the ECP is invar- 
iant. Second, the pattern can be specified in terms of its "quality," where the parameters 
of concern are the angular resolution ("linewidth") and contrast, as defined in Fig. 1. 

It has been known from the earliest observations on ECPs that pattern quality is not con- 
sistent, but varies greatly with the physical state of the crystal.* The purpose of this 
review is to identify the origin of changes in pattern quality, to outline a method of 
quantifying these changes, and to illustrate, by means of applications, the kind of data 
that is available. 


Theory 


The mathematical descriptions of channeling contrast formation in imperfect crystals, 
accurately predict the effects on a pattern to be expected as the lattice is perturbed.?’" 
However, the calculations involved are complex, and for the purposes of explaining experi- 
mental observations a simple qualitative argument can be applied. The channeling contrast 
depends on the angle between the incident beam and the lattice planes. For a perfectly 
collimated incident beam the linewidth d6, as defined in Fig. 1 has a value: 


dO = ZENS. «oy (1) 
where S, is the extinction distance for the lattice reflection g, and g¢g = I/d, - 
Small déviations (i.e., less than the Bragg angle) in the incident angle !caused ~!by such 
effects as the bending of lattice planes around a dislocation, or resulting from finite 
beam convergence, lead to an increase in the linewidth such that the total width A becomes 


A* = do* + dw? (2) 


where dw is the deviation. Thus, for example, deforming a material increases the number 
of dislocations and so leads to an increased average angular offset in the lattice and a 
rise in the linewidth. 

However, deviations of the beam through angles greater than a Bragg angle may cause it 
to de-channel. In this condition only those fractions of the beam correctly oriented pro- 
duce ECP contrast, so that the result of large-angle deviations is to reduce the contrast 
dI of the detail in the pattern without causing significant line broadening. For example, 
a thin amorphous layer scatters the incident beam through angles of the order of tens of 


The authors are with Bell Laboratories, Murray Hill, NJ 07974. 
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FIG. 1.--Definitions of linewidth and line FIG. Z2.--Schematic layout of computer-based 
contrast in ECP. system for ECP measurement. 


milliradians and thus leads to a loss of intensity in this way. If the linewidth and 
intensity can be measured simultaneously, then both types of effect can be observed, and 
various types of damage to the lattice can be distinguished. Only in a few special cases 
does both the line width and contrast change at the same time. An example, arising from 
the so-called "critical voltage effect,'' is discussed later. 


Expertmental Method 


Linewidths and contrast values are most reliably obtained from line profiles that have 
been directly digitized and stored in a computer memory. This approach allows the data to 
be acquired quickly, which minimizes problems caused by contamination and permits multiple 
line scans to be added to enhance the poor signal-to-noise ratio of the signal. Figure 2 
shows the schematic of a suitable system.© The APPLE microcomputer generates a 512-step 
ramp to drive the line scan, by summing the outputs of two eight-bit digital-to-analog 
converters (DACs). The signal from the backscattered detector is digitized by a twelve- 
bit analog-to-digital converter (ADC), and the incoming signal is stored in memory. Up 
to 255 line scans, each lasting 55 ms, can be acquired and summed to enhance the signal- 
to-noise ratio. After the data are collected a sequence of subroutines identifies chan- 
neling line features and measures their width and contrast. Under normal conditions an 
angular precision of about 0.1 milliradians is attainable, and line contrast can be deter- 
mined to better than 1 part in 100. 


Examples of Use 


Ton Implantatton Studtes. Samples of [100] silicon wafers, ion implanted with moder- 
ate doses (less than about 3-101&/cem2) of As and then laser-beam annealed, were examined 
as described above. At a fixed incident energy it was found that the width of the [220]- 
type lines in the pattern increased with the ion dose, and decreased after laser annealing, 
although no change in the contrast of these lines was observed. From the analysis dis- 
cussed above it can be therefore deduced that these levels of irradiation are sufficient 
to generate static disorder (e.g., point and line defects) in the lattice, but not suffi- 
cient to destroy the crystallinity of the structure. Additional information can be ob- 
tained by a study of the linewidth as a function of accelerating energy at a fixed ion 
dose. A comparison of the line width in unimplanted and implanted areas (Fig. 3) indicates 
that while both fall (as expected from Eq. 1, since S increases with keV), the difference 
between them also falls steadily. This finding can be attributed to the finite depth of 
the implant region and the depth of information of the channeling contrast. The implant 
region is known, from TEM studies, to be about 500 A thick. At low beam energies (10 keV) 
all the channeling contrast is coming from within this region, and a large broadening is 
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seen, but at a high energy (25 keV) the ma- 
x jority of the channeling contrast must be 
yp. Si+As ton implant coming from below the implant region and con- 
S. sequently the broadening is small. These 

is considerations interpret the data on laser 


~—><— broadening due to Implant annealing shown in Fig. 4, where the line 
. broadening (i.e., the difference between the 
implanted and unimplanted line widths) is 
plotted as a function of laser annealing 
“ power and accelerating voltage. As the laser 
BST ERS 0 a a power is increased the line broadening at all 
oe iments § three energies falls rapidly, which indicates 
78) 15 20 25 h ; : : : 
Energy keV that annealing 1S occuring and reducing the 
state of disorder in the lattice. For powers 
FIG. 3.--Angular width of [220] line, as in excess of about 50 MW/cm2 all three ener- 
function of incident energy, in arsenic gies show essentially zero line broadening, 
implanted, and unimplanted, silicon. which shows that throughout the sampled depth 
the crystal is as good as that of the origi- 
nal matrix. However, at very high laser doses line broadening is seen to occur again, as 
visible in the 25keV data, which suggests that at high powers the laser beam itself causes 
damage, and that this damage is initially localized at some depth beneath the surface, 
where the energy absorption is high. 


Line Width mrad 


Surface Films. A second example is that of oxide films formed on [100] silicon. In 
this case it was observed that the channeling pattern showed a significant fall in contrast 
over the oxide region, and that the contrast relative to the same line on clean material 
fell rapidly with accelerating voltage (Fig. 5), although no change in width was noted. 
This result is consistent with the effects expected from the dechanneling produced by scat- 
tering in an amorphous layer. We may gain an idea of the sensitivity of this technique by 
noting the sharp fall in contrast for even a 200A film, and the error bars on the data. 

At 10 keV this would suggest that a layer as thin as 10 to 15 A could be detected in this 
way, a result that compares favorably with that of conventional surface techniques. This 
sensitivity comes in part from the limited information depth of the channeling contrast, 
which can be estimated by extrapolating the data in Fig. 5 to zero contrast. The inter- 
cepts indicate that contrast comes from only about 200 A at 5 keV and 500 A at 15 keV. 
Consequently even shallow amorphous layers can have a significant effect on the ECP. 
Plots of the contrast variation with beam energy have slopes that vary substantially with 
the mean atomic number of the amorphous layer. This result may make it possible to both 
measure the thickness of an unknown film and estimate its probable composition. 


S: +As ion implant 
$1 (220) 


Line Broadening mrad 


LASER ANNEALING POWER MW/cm* 


FIG. 4.--Measured broadening of [220] line in implanted silicon as function of laser 
annealing power for three accelerating voltages. 
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FIG. 5.--Variation of line contrast from oxide-covered silicon with beam voltage. 


Crittteal Voltage Studies. The [220] line in tungsten is usually of low visibility 
since its width is a significant fraction of the Bragg angle. However, during a systematic 
study of the tungsten ECP it was observed that the [220] line became much easier to see at 
low accelerating voltage (below 15 keV).’ A measurement of the width of this line as a 
function of energy (Fig. 6) showed that it went through a pronounced minimum at 10.50 keV. 
At the same time the contrast of the line reversed relative to other lines in the pattern. 
As shown by Eq. (1), the linewidth would be expected to rise as the energy falls. A mini- 
mum in the linewidth must therefore result from some other effect. The explanation is the 
so-called "critical voltage effect,'' which arises from an accidental degeneracy between 
two Bloch waves at some energy. When this effect occurs 5S, becomes very large and leads, 
for a TEM Kikuchi pattern, to the disappearance of the line associated with the reflection 
g. The effect on an ECP is to produce an anomalously narrow line for this reflection, as 
can be seen from Eq. (1), and as was observed here. It has been shown that the reversal 
in line contrast is also consistent with this explanation.® Although the critical voltage 
effect is essentially a relativistic interaction, this observation confirms predictions 
that the critical voltage for some heavy materials may be as low as a few keV. The accu- 
rate measurement of a critical voltage, made possible by the technique described here, is 
important because it permits the refinement of theoretical lattice potential values. 


Coneluston 


The state of a crystal lattice can be monitored by observation of the contrast and 
angular width of lines in the ECP. If these parameters can be measured accurately, de- 
tailed quantitative information about the properties of the crystal can be obtained. 
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THE VISIBILITY OF ASBESTOS FIBERS IN THE SCANNING ELECTRON MICROSCOPE 
John Small, Dale Newbury, and Robert Myklebust 


The analysis of asbestos mineral fibers in environmental samples requires the careful de- 
termination of fiber loading on filter media.’ Well-established techniques exist for the 
transfer of asbestos fibers from such filter media to thin carbon films and subsequent 
counting in the transmission electron microscope (TEM).*°? However, due to the cost of 
TEM instrumentation and the time required for sample preparation, there has been consider- 
able interest in the development of techniques for direct examination of the filter in the 
scanning electron microscope (SEM). In this work, we have considered the problem of fiber 
visibility under SEM imaging conditions in a fiber search/counting procedure. 


Procedures 


The asbestos mineral chrysotile is typically found in environmental samples as long 
fibers composed of one or more fibrils. Individual fibrils have a diameter of approxi- 
mately 40 nm and a length which can extend to several micrometers. In order to estimate 
the visibility of single fibrils and fiber bundles in an SEM image, we have used a three- 
stage procedure: (1) calculation of the contrast of the asbestos fiber compared to the 
filter background, (2) calculation of the threshold beam current necessary to observe that 
contrast, and (3) calculation of the smallest beam size which could contain the required 
threshold current. By comparing the size of the beam given by step (3) with the fiber di- 
ameter, one can estimate the visibility of the fiber. 


Caleulatton of Fiber Contrast. The signals generated from an electron beam impinging 
on a carbon-coated asbestos fiber placed on a carbon-coated filter substrate were calcu- 
lated as follows: (a) Np, backscattering from the fiber, was calculated by Monte Carlo 
electron trajectory simulation; * (b) Nss; backscattering from the substrate, was set equal 
to that for bulk carbon with a correction for scattering in the overlying fiber; (c) 5p, 
secondary electron emission from the fiber, was calculated by partitioning the total sec- 
ondary electron coefficient dy; into its primary-electron-excited and backscattered-elec- 
tron-excited components, dp and Spgs” and since the beam enters the fiber with minimal 
backscattering, Op was taken to be equal to dp; (d) Soc, secondary emission from the sub- 
strate: the fiber effectively covers the entrance point of the beam into the substrate, 
and hence 6gg was set equal to Spo for a bulk carbon target. Detection of these back- 
scattered and secondary electron signals was calculated for an Everhart-Thornley detector. 
The efficiency for secondary detection was assumed to be €sp = 0.5. The efficiency for 
collection of backscattered electrons was assumed to be eps = 0.25, including contributions 
from direct detection as well as indirect collection from the chamber walls. The signal 
from the fiber is thus 


5 


Sp = Ing + Ch - nylngclegs + [6p + CG - nyelnggSgcl Egy te 


The signal from the substrate is given by: 


Sss = Ngs&ps * Sss°sE (2) 
The contrast C is calculated as: 
Cs See ~ > ies’ ne > (S;, : Soo} /Sp, (3) 


The authors are at the Center for Analytical Chemistry, National Bureau of Standards, 
Washington, DC 20234. 


148 


TABLE 1.--Calculations of asbestos fiber contrast and visibility. 
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Values of the contrast calculated for fibers of various widths are listed in Table 1. 
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Calculation of the Threshold Current. The threshold equation relates the contrast of 
the fiber against the background to the minimum (threshold) beam current itn Tequired to 
form an image.” For a 512-line scan, the threshold current is given by 

i 12/(eC*t -) (A) (4) 
where € is the overall collection efficiency per incident electron and te is the frame time. 
We calculated the overall collection efficiency to be 0.12 by scaling the backscatter and 
secondary coefficients by the individual signal collection efficiencies. In order to sur- 
vey a filter at an adequate pace to cover a sufficient area and to reduce operator fatigue, 
a rapid frame time of 0.1 s or less is desirable. However, from Eq. (4), the threshold cur- 
rent increases with the reciprocal of the frame time. As a compromise, a frame time of 0.5 
Ss was assumed for the calculations. The threshold current necessary to image fibers of 
various diameters at this frame speed is listed in Table 1. 


Calculation of Beam Diameter, The threshold current can be related to the beam size d 
by the brightness equation: 


B= 4i/n?d2o? (2) 


where B is the source brightness (taken as 5 x 10* A/cm? ster for a conventional tungsten 
hairpin at 20 keV), and a is the beam divergence (a = 2 x 10 * for a 400um-diameter aper- 
ture at 1 cm working distance). The minimum beam diameter that can contain the threshold 
current is listed in Table 1 for each fiber diameter. The final visibility has been deter- 
mined on the basis that the beam size must be of the same size as the fiber diameter or 
smaller. Note that due to the low level of the contrast of the fibers, proper image pro- 
cessing such as black level suppression would have to be applied to ensure sufficient image 
contrast on the final display. 


Results and Discusston 


Examination of Table 1 reveals that asbestos fibers below approximately 200 nm in di- 
ameter will not be visible in a scanning image made under the conditions specified for 
searching large areas of a filter sample. Only for fibers 240 nm in diameter and above is 
the threshold visibility condition substantially exceeded, which should insure adequate 
image quality. The minimum fiber size for visibility can be reduced by use of more effi- 
cient detectors and higher brightness electron sources. For practical conditions such im- 
provements might decrease the minimum fiber diameter that would be visible by a factor of 
two. However, since the statistical assumptions used in deriving the threshold equation 
are based on an average observer, working with objects near the visibility threshold will 
produce counting results that are erratic and subject to great uncertainty. Since environ- 
mental asbestos samples are likely to contain fibers of small diameter, it therefore does 
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seem prudent to employ an SEM counting procedure for characterization of such samples. 

This analysis is also being extended to other types of sample preparation, including 
coating of the fibers and substrates with a heavy metal such as gold to increase the sec- 
ondary-electron coefficient for increased contrast; to other types of detectors, such as 
large solid angle backscatter detectors; and to other types of asbestos minerals. 
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A DIODE ARRAY SPECTROGRAPH AND ASSOCIATED OPTICS FOR CATHODOLUMINESCENCE MEASUREMENTS IN 
A SCANNING ELECTRON MICROSCOPE 


Dianna Jones and D. O. Landon 


We describe a diode array spectrograph and an optical system for efficiently coupling to 
a commercial SEM. Cathodoluminescence measurements can be made in the 200-900nm range. 
Some experimental results obtained with the instrumentation are presented. 

Cathodoluminescence (CL) is a technique of studying the emission of light through 
excitation by electrons. The technique is of particular interest in the scanning electron 
microscope (SEM) and has attained increasing importance as a spatially resolving measure- 
ment method for evaluating local material parameters in luminescent semiconductor mate- 
rials.1»2 CL measurements are also useful in the investigation of biological,? geological, 
and metallurgical samples.” 

Several SEMs offer some form of CL accessory. Typically, light is collected from the 
sampled point with a refractive or reflective microscope objective and then passed through 
a narrow band filter, or sometimes a monochromator to a photomultiplier detector.° 

Still, the CL mode of analysis is not yet in wide use by SEM users. In a review paper 
on CL, Holt and Datta! point out the need for improved CL detection systems. The use of 
parallel detection in the CL mode allows one to measure the CL spectrum as a function of 
a variable. This and other advantages of parallel optical detection techniques, where the 
entire spectrum is recorded simultaneously, are well known, but only Lohnert et al.© have 
described the use of such a system on an SEM. 

The optical coupling of the light from a CL experiment in an SEM requires some experi- 
mentation. It appeared to us that it would be advantageous to collect the light from the 
small emitting source--of the order of 1-2 um--with a microscope objective having a rela- 
tively large NA, 0.6 to 0.9 if possible. Then the magnified image of the source (typically 
20x) is placed on the entrance end of an ultraviolet transmitting fiber-optics bundle. A 
relatively short bundle transmits well from 180 nm to beyond 2 um. The exit end of the 
fiber bundle becomes the entrance slit of a compact spectrograph with a relative aperture 
(f number) adequate to accept the entire cone of light emerging from the fiber bundle. It 
is even possible to use single fibers in this way. 

As described, the optical system is quite efficient. The optical transmittance of a 
good microscope objective is above 90%. The fiber optics transmit typically 50%, and a 
spectrograph with high efficiency grating transmits 60%. The composite transmittance-- 
0.9 x 0.5 x 0.6 = 0.27 insures that ample light falls on the intensified diode array 
detector. 

Interfacing such a CL detection apparatus to various commercial SEMs is feasible. We 
have obtained CL spectra of aluminum oxide, hafnium oxide, some composite samples, and 
some rare earths with the apparatus described attached to a JEOL JSM35 microscope. 
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7 
Analytical Electron Microscopy /Electron Energy Loss Spectroscopy 


DETECTION LIMITS AND ERROR ANALYSIS IN ENERGY-LOSS SPECTROMETRY 
Peter Rez 


The calculation of detection limits is fundamental to energy-loss spectrometry and a reli- 
able estimate of error is important for quantitative analysis. To calculate both error and 
detection limit one needs a statistical analysis, and such an analysis can also be used to 
investigate the relative merits of various background-subtraction schemes for energy-loss 
imaging. 

Detection limits have been discussed before by Isaacson and Johnson.! Their analysis 
shows that the minimum mass fraction (which is always the quantity of interest in energy 
loss due to the large background) decreases as the square root of the current density and 
collection time. However, it is not easy to apply their analysis to observed spectra. It 
is often useful to be able to determine the proportion of an element that is detectable 
compared with a major constituent. This quantity can be easily related to the minimum mass 
fraction if the concentration of the major constituent in the sample is known. If the un- 
known edge appears at position B with N, counts in a window starting at B, then aVN,, counts 
counts of the unknown element implies detection, where a is related to the confidence level 
(a is usually taken as 3, which implies a confidence level of 99% for the normal distribu- 
tion). If there are N. counts in a window after an edge after background subtraction (note 
that there is no requirement that the windows be the same) the detectable fraction relative 
to the major constituent element is 


avN Oo 
B c 

N. * oy e 
c 3 


where o is the appropriate partial cross section for the window after the major constitu- 
ent edgé and o, is the relevant partial cross section for the element of interest. This 
analysis takes no account of the errors in fitting the background (see Egerton”) which of 
course raise the detectable limit depending on how the background fitting region is chosen. 
It might then be more appropriate to use the formula given as Eq. (3) below. 

The errors in quantitative energy loss analysis have already been discussed by Egerton, 
Zaluzec,? and Statham.* There are two sources of error; one from the counting error in the 
region of interest, the other from background fitting. The background fitting error is 
composed of two parts. The most difficult to calculate is the systematic error in the 
model of the background. The power law AE is based on empirical observation and although 
it can be justified on theoretical grounds (Leapman et al 22)" it is only valid over a lim- 
ited range. One test that can be applied is to compare the theoretical shape of an edge a 
long way from threshold to the power-law fit. Preliminary work on Carbon K for various 
collection angles suggest that for a fitting region of 50 eV starting 450 eV above thresh- 
old the error in the shape of 150 eV from the start of the background region is less than 
2%. The error in background fitting due to statistical fluctuations have been given by 
Egerton, Zaluzec,? and Statham.* The formulas quoted are all different. An exact error 
analysis gives the fractional error in the background fit as 


2 
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The sum over i is a sum over background channels with counts y. and energy E;. The sum 
over j} is a sum over the channels in the region after the edge to which the background 
has been extended. This formula can be approximated by 
4 2 2 
28)" cn is zens (To (1B)? + (in'B.) 3 
By B Ye AE N#(N2 ~ 1)2 

where E, is a typical energy in the background, E, is a typical energy after the edge, Y 
is a typical number of background counts in a channel of width AE, and N is the number 
of background channels. 

For energy-loss imaging it might not be necessary to do a power-law fit. Ottensmeyer® 
does a simple subtraction of background before an edge from the signal after the edge. 
Rez and Ahn’ fit a straight line to two points before the edge and extrapolate it to a 
point after the edge. These simpler procedures can be justified when the difference be- 
tween their background estimate and the power-law fit (assumed to be correct in this dis- 
cussion) is less than any statistical error. For a simple background subtraction the error 
is BrAE/E,, where r is the exponent, AE is the energy difference between the energy after 
the edge and the background energy, and E, is the background energy. The error in the 
background is of order 3/B (3 confidence Pimit). As r is about 3-4 and typical values of 
AE and E, are 30 and 300 eV, respectively, this means that if there are fewer than 100 
counts in the background the procedure would be justifiable. Note that the background is 
overestimated and the minimum detectable number of counts of the element in question is 
also given by BrAE/E,. What this corresponds to in quantitative analysis can only be in- 
ferred from the spectrum in comparison with other edges. The difference between a straight- 
line fit and a power law is 


poetics 1) (E2_- E1 E3 - Ei 
2 (EY Ei 


where E, and E, are energies before the edge and E, is after the edge. The error in the 
background fit is approximately 1.4[vE,2 + E3“/(E> - E1)]¥B. Typical values for (E> - Ej) 
and (E3 - E,) are 30 eV and 60 eV so the estimated relative difference is of the order of 
O.1, which is the same as the estimated counting error for about 10 000 counts. This pro- 
cedure overestimates the amount of the element present. 

When there are few counts it is not worth doing sophisticated fits to the data. If 
anything, attempts to fit function to noisy data will make background estimates worse. 


Counts 


Possible edge 


N, counts 


Ng counts Energy E, E, E, Energy 
FIG. 1.--Spectrum illustrating features for FIG. 2.--Spectrum illustrating straight- 
detection limit calculation, line background fit. 
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STATISTICS OF EDGE AREAS IN QUANTITATIVE EELS IMAGING: 
SIGNAL-TO-NOISE RATIO AND MINIMUM DETECTABLE SIGNAL 


Thierry Pun and J. R. Ellis 


Quantitative EELS Imaging 


Electron energy loss spectrometry (EELS) is now a widely used technique in quantitative 
microanalysis, especially for the estimation of light elements.! The computerized acquisi- 
tion and processing of those EELS spectra gives the possibility of creating images repre- 
senting elemental compositions of a sample.* The intrinsic accuracy of the digital proces- 
sing of EELS spectra may however mask the fact that these recorded and computed values are 
statistical in essence. Attention must therefore be paid in the evaluation of their charac- 
teristic properties, such as probability density functions (pdf), moments (mean, variance, 
etc.), and confidence domains. °~° 

The EELS image is obtained by subtraction, at each pixel, of the noncharacteristic back- 
ground contribution (background area in the energy range of interest, denoted BA) from the 
spectrum area (total area, TA). This operation provides the edge area (EA) value above a 
given core edge energy. Over a limited range of energy losses E; (i = 1...n), the back- 
ground can usually be approximated by an inverse-power law, cj = aE,” , where ci is the 
number of recorded counts and a and r are constants that may vary from pixel to pixel. A 
background BA is computed above the core edge, then extrapolated and subtracted from the 
measured TA, which yields the edge area EA. 


Least-squares Esttmatton 
The two parameters ao and r are usually determined by the use of a least-squares estim- 
ation procedure (LSE) in order to fit the data to the background model law 


mie B(x; = X)5. i-= Iowan (LSE région) (1) 


rs Typ 2S 
where yes In Cio X= In Ea X = (1/n) =x, = In VE\E,...E, a = Ina+ bx, and b = -r. (2) 


The value n is the number of energy channels in the LSE region. The reason for using x is 
that the parameters a and b obtained in that way are statistically independent. 

If one assumes independence among the y;, the least-square estimators A and B of a and 
b are obtained by minimization of [ws ly; - [A+ B(x, - X)]}*]. They are® 


A 


ul 


a n n 
y = Gw.y,)/Qw,) (3) 


n = 
rw.y.(x. - xX) 
pe rit (4) 


2 Spe 
Zw (x, - X) 


where the wj are weights proportional to the inverse of the variance of the yj. These 
weights are often ignored; i.e., the hypothesis of homogeneous variances (homoscedasticity) 
is assumed. Due to the Poisson statistics of the cj, this hypothesis is not true; nonuse 
of the weights yields estimates for a and b that have nonminimum variances. However, the 
variation in the LSE region of yj = In c; is normally relatively small. Consequently the 
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following results are obtained if one assumes homoscedasticity (w; = 1 in Eqs. 3 and 4). The 
developments would remain essentially the same without this hypothesis. 

Using Eqs. (3) and (4),one can estimate the variances of the parameters a and b. How- 
ever, the knowledge of the statistics of the c,; gives the possibility of deriving the prob- 
ability distribution functions of these parameters. Having the pdf of a variable, rather 
than only its moments, provides a more complete understanding of its behavior. In particu- 
lar, this information gives a handle on statistical properties such as confidence limits. 

In what follows a distinction will be made between random (measured or estimated) vari- 
ables and their ''true'' values. The former will be written in upper-case letters, the latter 
in lower-case letters. Denoting then by C; the random variable (measured) associated with 
c;, one has for the pdf of Cj 


aor ~C, 
e Cc.) 
p(C;) = acs ii (Poisson pdf, parameter c.) (5) 


i? 


It is assumed that C; is large enough to have its Poissonian distribution approximated by 
a normal distribution of mean c; and variance cj: 


1 (C, - c,)? 

p(C,) = ep|- | (6) 

V27C. i 
i 
Furthermore, the normalized variable S. = (C, - c,)/ve, will be used. Its pdf is then 

1 2 

p(s,) 2S exp(-s, /2) (7) 
V2 


with Y; as the random variable associated with y,: 
eS eis In C, - Inc, = dn [-* (s,/vc,)] (8) 


With C. taken as an estimate for Css and using the fact that s,/vC; is small, 
Y, 2 a s,/VC, (9) 


From Eq. (3), the deviation between the random (estimated) variable A and its "true" un- 
known value a is 


n 
RAS Ae, an C1/n)z CY, - ys) = (1/n)z(s,/¥E,) (10) 


Like: the C. the S, are mutually independent. Therefore, 


p(AA) = = exp (-AA/2o ,?) (11) 
o v2ii 
a 
where 
ise = (1/n2)21/C,) (12) 
and similarly 
p(AB) = exp (-AB*/20, 7) (13) 
0,721 
where 1 “19D n (x. 7 x) 2 
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This shows that A and B are normally distributed about a and b, with variances oa and oy ae 
Conversely, a confidence level in the estimation of a and b can be given: they are included 
between (A - hog, A + hog) or (B - hop, B + hop) with a confidence 1 - 2*erfc(h). For ex- 
ample, r (= -b) is between (-B - 30p, -B + 30h) with a confidence level of 99.73%. Equa- 
tions (12) and (14) show that, in order to decrease the variances of the estimated param- 
eters, the numbers of counts C3; the number n of channels, and their width may be increased. 


Probability Denstty Funetton of the Baekground Area 


The background area (random variable BA, "'true'' value ba) is the area of the extrapol- 
ated background in the edge region above the core edge energy (integration region): 


@. vad Oe. ek) 
bea 2, ee J » j= i1...m (edge region) (15) 


The value m is the number of acquisition channels in the integration region. The prime 
denotes energies and counts values in the integration region. Use of a Taylor expansion for 
BA(A,B) about ba yields 


ABA = BA - ba = (BAAA + wAB) + (sBAAA2 + vAB2 + LAAAB) (16) 
where a OR 7 B(x. '-x) 
(9BA/3A) = (82BA/3A2) = BA, (3BA/9B) = (32BA/3A0B) = Je (x1 - Xe J =u 
m A _ B(x. '-x) (17) 
(92BA/3B2) = ) e oon - x)7e J =a) 


As mentioned above, the deviations AA and AB are statistically independent; therefore, the 
joint pdf _p(AA,AB). is equal to p(AA)p(AB). The variance of the deviation BA - ba is then 
+00 

Sf (ABA) *p (AA) p (AB) d (AA) d(AB) 


(BA2o_? + uw2o,7) + [°/,BA‘o,* + $/yv?o,t + (BAv + uo 70 


var (ABA) 


' 


aa (18) 


Many numerical simulations have confirmed that the development of Eq. (18) converges rapid- 
ly. For a number of counts in the background area BA greater than a few dozen, the second- 
order terms in Eq. (16) may be neglected. The approximation for ABA is therefore linear, 
and its pdf can easily be evaluated. From Eq. (16), 


ABA = BAAA + LAB (19) 


and consequently 


ABR AZ 
p(BA - ba) = p(ABA) = : exo ae (20) 
2 
Cb a 2 II 20), J 
: Ps med no GD DoD 
with Ons BA Oo RO. (21) 
The distribution of BA about ba is therefore normal, with mean ba and variance o 2. As men- 


tioned for AA and AB, confidence levels can be given for the estimation of ba. From Eqs. 
(17) and (21) it appears that in order to decrease the variance of the background area, 
the distance between the LSE and edge regions has to be decreased. 


Probabiltty Funetion of the Edge Area 


As described in the first section, the area of interest for the image formation is the 
edge area EA obtained as follows: 
m A B(x.'-x) 
5 ee J (22) 


EBA = TA - BA =) C,! - 
jel? 
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Each C;' follows a Poissonian distribution of parameter cj'. Assuming independence among 
the one TA still has a Poissonian distribution of parameter Xc.' = ta. Making use again 

of thé Gaussian approximation to the Poisson law, and of the fact that TA (measured random 
variable) is an estimate for ta ("'true" value), one obtains the probability density function 
of TA 


is ie 
Delay Sa ESD |= {TA - ta)© oe 
V20TA ; OTA 
From Eqs. (20)-(23), it follows that 
EA - (ta- ba) ]? 
p(EA) = ae - exp| - [BA - (ta - ba) ]* oe 
oO Von 20 2 
with oe ea 
a=" Z = 2 2 2 2 
Sag. Sa TA + BAG * + UO), (25) 


This result not only provides the estimate of the variance of each picture element of the 
EELS image, it also gives the confidence level with which each of them is known. That is 
of importance for any further processing to be done with this image, such as its separation 
into its constitutive parts or identification of its features. 

Stgnal-to-notse Ratio, Relative Edge Coneentratiton, and Mintmum Detectable Stgnal 


The signal-to-noise ratio of the edge area (that is, of each pixel of the EELS image, 
is defined as° 


snr = BA/o (26) 
Defining the "relative edge concentration" (signal-to-Dackground ratio) by 


K = EA/BA (27) 


ene can express the signal-to-noise ratio as 


EA TA - BA K*BA 
snr = = Se (28) 


PA 24 RAZ 2 4 12y 2 7 2 2 PD 
7m TA + BA*o* + uo, ¥(1 + K)BA + BA O72 + Uo, 


This expression shows that one can increase the signal-to-noise ratio by acting independent- 
ly on the LSE region or on the edge-region parameters. To decrease the variance of A and B, 
and therefore the variance Chars (1) more counts have to be recorded in the LSE region, and 
(2) the number of channels and their width have to be increased. As a fixed number n of 

LSE channels is often used, their width should be increased as far as Eq. (1) remains valid. 

AS also shown in Ref. 5, Eq. (28) yields an optimum number m of integration channels as- 
suming a constant channel width. However, this value m is usually predetermined. Therefore, 
to decrease the variance Cass (3) the width of the channels in the edge region has to be 
small, and (4) the integration and LSE regions must be as close as possible. The condition 
(3) implies in fact a high number of counts to be recorded near the core edge energy. 

Figure 1 presents the improvement of the snr provided when the LSE region width is in- 
creased (i.e., for a predetermined number of channels, when their width is increased). This 
figure is obtained for a spectrum with 10 000 counts at a core edge energy of 500 eV. For 
other numbers of counts, it can easily be shown that the snr is proportional to their 
Square root. 

Figure 2 illustrates point (3) in the above enumeration. Compared to Fig. 1, the de- 
gradation of snr is, however, relatively limited when the integration region width increases. 
That points out the critical importance of the choice of the LSE region. 

It is also interesting to know the minimum number of counts, for a given concentration, 
that have to be collected to provide an exploitable EELS image. By "exploitable'' one means 
a picture from which it is possible to extract some relevant information (either by direct 
observation or by image processing). Such a number of counts would be the one providing 
a sort of "minimum detectable signal."' Its knowledge is of importance, because it may permit 
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PIG. 1.--Signal-to-noise ratio (from Eq. 28) FIG. 2.--Signal-to-noise ratio vs integration 
vs LSE region width (fixed number of chan- region width (fixed number of channels) for 
nels) for various values of relative edge various values of relative edge concentration: 
concentration: 10 000 counts at 500 eV (core 10 000 counts at 500 eV (core edge energy), 
edge energy), r = 4, LSE region below 490 ev r = 4, LSE region between 450 and 490 eV (5 

(S channels), integration region between 500 channels), integration region above 500 eV 
and 540 ev (5 channels). (5 channels). 


optimization of acquisition time, thereby for example limiting radiation damage to the sample. 
Some simulations have led to the rough conclusion that an snr at each pixel of 0.5-1 is 
necessary to enable one to discern the element of interest from the statistical noise in the 
image (by direct observation). This value probably should be of the same order of magnitude 
for processing the image, Figure 3 presents, as a function of relative edge concentration, 
the number of counts (at core edge energy) necessary to reach this limit. These values are 
obtained by use of Eqs. (12), (14), and (28). This curve is highly nonlinear (note the 
logarithmic scale) and shows that for small concentrations the required number of counts in- 
creases dramatically as concentration decreases. 
An approximate pdf can also be derived for the relative edge concentration K = EA/BA 
= (TA/BA) - 1. This expression can be expanded into a Taylor series. As for the expres- 
sion of Eq. (16) for the background area value, it appears that for BA values greater than 
a few dozen counts, this Taylor series can be linearized: 


K(estimated) - k(true) = AK = (1/BA)ATA - (TA/BA“)ABA (29) 


and from Eqs. (20), (21), and (23), 


p(AK) = - ic exp (-AK*/20,*) (30) 
9, 12R 


where o,2 


(1 + K)/BA + (1 + K) 70, 4° /BA? (31) 


If the relative edge concentration were defined by K' = q*EA/BA = q*K, where q (>0) is 
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a proportionality factor, the pdf of K' would become 
DEAR = CIC BOND i eeniyg (32) 


where O14 4% = q*a,* (33) 


As before, it is possible to have confidence levels in the estimation of K. 

Figure 4 presents the standard deviation of the relative edge concentration K as a 
function of this concentration, for various numbers of counts at core edge energy. It can 
easily be shown that 0,4 is proportional to the inverse of this number of counts. In ord- 
er to obtain a high degree of confidence in the estimation of the concentration, it appears 
that the number of counts has to be higher than required for a correct assessment of the 
edge area. For example, the numbers of counts used for curves 2 and 3 of Fig. 4 are those 
giving snr = 1 for a relative edge concentration of 0.1% (2 062 200 counts) and 1% (20 640 
counts), respectively. These count values yield a ratio K/o, = 1 for K = 0.1% (curve 3) 
and 1% (curve 2}, respectively. This ratio is clearly insufficient to provide a high deg- 
ree of confidence in the estimation of the concentration, at least when each value is ex- 
amined separately. When working with an image of relative concentration values, it might 
be possible to make use of several estimates in the same neighborhood to increase the minim- 
um detectable concentration. 


Coneluston 


By taking into account the statistical properties of the counting processes, approximate 
probability density functions have been derived for each parameter and result of interest. 


7 3 
t 
o 
y 
Z 
oO 
v 
v ‘* 
C c 
% > 
as A 4 
C 
) r 
C 
U D 1: 10,000 counts 
c 2: 20,640 counts 
: %) ee 206s: 200. aunts 
0 0 
0 2.93 5 9) 30 100 


RELATIVE EDGE CONCENTRATION (4) ~ RELATIVE EDGE CONCENTRATION (%) = 


FIG. 3.--Decimal logarithm of total number of FIG. 4.--Standard deviation o of relative 
counts at core edge necessary to reach given edge concentration K as function of this con- 


Signal-to-noise ratio snr vs relative edge centration (%) for various numbers of counts 
concentration: core edge energy 500 eV, r=4, at core edge energy of 500 eV; r = 4, LSE 
LSE region between 450 and 490 eV (5 chan- region between 450 and 490 eV (5 channels), 


nels), integration region between 500 and 540 integration region between 500 and 540 eV. 
eV (5 channels). 
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In addition to a quantitative estimate of the variances of these parameters, the pdf's give 
us an assessment of the confidence levels related to these estimates. Signal-to-noise ra- 
tios as a function of the acquisition parameters have been given, pointing out the import- 
ance of the choice of the LSE region. The notion of minimum detectable signal has been 
presented, and minimum numbers of counts required to reach this detectability level have 
been derived. 
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ELECTRON ENERGY LOSS IMAGING IN THE STEM: SYSTEMATIC AND STATISTICAL ERRORS 
R, D. Leapman and C. R. Swyt 


Electron energy loss imaging may now be carried out in a variety of ways both in the CTEM 
and the STEM. In the CTEM energy-filtered images are recorded in parallel with a Castaign- 
Henry spectrometer, a magnetic energy-filter, or a magnetic sector spectromemter.* * Images 
are recorded below and above a characteristic core edge so that the difference between them 
provides an elemental map of the sample. In STEM the electron probe is raster-scanned a- 
cross the sample and part of the spectrum is collected at each pixel in the image, normally 
with the use of a magnetic sector spectrometer.°’® This type of system makes it possible 

to collect single-electron counts at a number of channels around one or more core edges. 
Certain advantages are offered by each instrument. In particular, the STEM allows a pre- 
cise quantitative analysis of the EELS images since the data may be acquired and processed 
digitally by means of a computer.’ ** We are often interested in measuring rather small 
signals superimposed on a large background. Typically the signal to background ratio is 
comparable to the atomic ratio of the element to be detected. Low concentrations are there- 
fore only detectable when there are many counts in the spectrum so the statistical errors 
are minimized. In this paper we discuss some of the ways in which the data can be analyzed 
to reduce the systematic and statistical errors when the background is subtracted from the 
spectrum above an edge. 


Two-Parameter Fit for the Baekground 


Both experiment and theory verify that the smoothly varying background intensity in the 
energy loss spectrum often satisfies an inverse power law I = AE” over a limited range of 
energy loss E, where r is typically -30r -4.1'*’?°% In general if we do not know r exactly we 
should fit both of the parameters A and r using at least two channels below the edge.?® 
When several channels are collected the fit is normally achieved by a least-squares proce- 
dure. The statistical error in the fitted background, extrapolated into the core edge re- 
gion, has been estimated previously.'’’*® It depends on the size of the fitting and edge 
windows in the spectrum and their energy separation as well as the number of counts that 
are measured. Figure 1 defines the relevant quantities for one edge. 

Tf T is the total number of counts in the edge window and B, is the number of counts in 
the fitted background in the same energy window, the estimated core signal is 


S=T-B (1) 


+o =T+o. 2 (2) 


It is found that the statistical error in B, is always larger than vB,. It has been written 
by Egerton in the form 
o, * = hB (3) 


where h varies typically between 5 and 20. 
The error (i.e., h) can be reduced by an increase in the width of the fitting region and 
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FIG. 1.--Pre-edge fitting 
window 1 and postedge in- 
tegration window 2 each 
containing 5 channels. B 
is total number of counts 
in fitted background, E is 
center energy of window, 
Ais its width, 6B, is 
error in total counts in 
fitted background for 
post-edge window due to 
error in r (small dash 
curve). 


a decrease in the width of the post-edge region. In practice 
the fitting region cannot be extended beyond a certain limit 
because the inverse-power law breaks down, due for example to 
the occurrence of another edge. The energy interval between 
the edge andthe post-edge region should be larger than both 
the edge width and the energy drift of the spectrometer dur- 
ing acquisition of the image. 


One-parameter Fit for the Background 


If the parameter r is constant (r = R) over the entire 
image, we may fit only the parameter A for the background. 
In this case the statistical error due to the background fit 
is Significantly reduced. The greater error, due to r, in 
the two-parameter fit can be visualized by "pivoting" the 
curve through the center of the fitting region: the effect 
of pivoting is amplified in the edge region. If only the 
parameter A is fitted there is no pivoting and the error 


depends only on the counts in the fitting region. The stan- 
dard deviation is then given by 
a = B,/vB, (4) 
or 
oe 2 
O,7 = T + (B,7/B,) (5) 


We note that the success of the energy-filtered imaging carried out in the CTEM normally 
depends on the validity of the one-parameter fit since the background shape is assumed con- 


stant over the entire image. 
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The pre-edge image is scaled (sometimes arbitrarily) to 


match the true background forthe post-edge image and is then subtracted to yield the ele- 


mental distribution. 


This circumstance partly explains why the elemental maps obtained in 


the CTEM appear to have better statistics than maps obtained in the STEM with a two-param- 


eter fit. 


The high beam dose available in the CTEM over a wide area of the sample with 


high spatial resolution is also an important factor here. 


Factors Influenetng the Core Edge Intenstty and the Background 


1. Elemental Concentration. 


The core edge intensity is proportional (in the limit of 


thin samples) to the number of atoms of the element per unit area of the sample, i.e., to 


density 9, the thickness t, and the weight concentration of the element c 


The constant 


: ; : oe : oo ae 
of proportionality includes the incident probe current, the counting time, the cross sec- 
tion for the core excitation in the energy window, and the collection angle selected. 


Sy o ptc. 


(6) 


It is the quantity c, or ptc. that we wish to display in the elemental image. 


2. Elastic Seatterting. 


As the sample thickness increases, there is an increasing 


probability that electrons which have undergone a core excitation will also be elastically 


scattered outside the collection aperture, 


If elastic scattering 1s represented by an 


average cross section per atom On then the fraction of electrons lost at the objective 


aperture is approximately 


a = exp(-ptN 0 ,/A) 


where N, is Avogadro's number and A is the mean atomic weight. 
images to yield a ratio map, we can eliminate the elastic-scattering effect. 


(7) 


By dividing two core edge 
It is also 


possible to divide by the zero-loss image to yield a corrected elemental distribution. 
Contrast in a background-subtracted core image without a correction for f, may be dominated 
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by elastic scattering, since the mean free path Ae = A/(ON, O,) 1s typically only about 
1000 A at 100 keV beam energy for light elements “ae decreases rapidly for heavier elements. 


3. Plural Inelastie Seattering. As the sample thickness increases there is also an 
increasing probability for plural inelastic scattering involving one or more valence exci- 
tations as well as a core loss. If the total inelastic scattering cross section is oj, the 
fraction of electrons scattered outside a narrow energy window is given approximately by 


f. = exp(-otN,o, /A) ; (8) 


This effect on the image could be reduced by an increase in the integration window, but the 
statistical errors are then increased. Alternatively a ratio of two images recorded with the 
same integration window serves to remove this inelastic scattering effect, as in the case 
of elastic scattering. 

So far we have assumed that the shape of the background remains unchanged when the sam- 
ple thickness changes. In fact plural inelastic scattering can cause subtle changes in 
background shape. It is therefore important to estimate how the power-law fit is altered 
and in particular to estimate the magnitude of fluctuations in r that give rise to systema- 
tic errors in the background if a one-parameter fit is assumed. An estimate for the change 
in background shape as a function of thickness can be made as follows. We take as the sin- 
gle-scattering distribution a measured spectrum obtained with good statistics from a very 
thin sample. We choose a 100A carbon film and a 200keV beam energy. From this pee 
we generate the plural scattering spectrum for different values of t/A,, where Aj 
A/ (PN, 93) is the total inelastic mean free path. For carbon A; is about 600A at “100 keV 
beam energy. The change in the exponent r is then measured far different fitting windows. 
For energy losses up to about 200 eV, the entire spectrum is computed by means of a Fourier 
transform to convert the Poisson distribution into an exponential of the transformed sin- 
gle-scattering spectrum. For higher energy losses, where the background originates mainly 
from the tails of core edges, an exact power law with exponent r = -3 is assumed for the 
single scattering spectrum and the spectrum at finite thickness is generated by convolution 
with the already determined low loss spectrum. A fuller discussion of these procedures has 
been given previously.’ *! 

Figure 2 shows the fitted value of r as a function of t/Aj for an energy window 15 or 
30 eV wide at various energy losses in pure carbon. At high energy losses r is quite con- 
stant over a wide range of thickness but at energies close to the carbon K edge (285 eV) 
there are large variations in r due to changes in spectral shape from the superposition of 
a 25eV plasmon above the edge threshold. This result indicates that a one-parameter fit 
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shown for energy losses E, (in eV) just eV. Energy windows 4, and A» were chosen to 
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A = 15 eV and for N, P, and 0 A, = 30 eV. generated spectra. 
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for the background is normally not adequate for detection of calcium (L,, edge is about 
350 eV) in the presence of carbon when there are mass thickness variations. Significant 
changes in r are evident for edges in the 100-200eV range, suggesting that a one-parameter 
fit may also be inadequate for detection of phosphorus (L,, edge = 135 eV) or sulfur (1); 
edge = 165 eV). Since r decreases with increasing thickness in this range, a region of 
the sample with slightly higher mass thickness would tend to give a brighter intensity in 
the elemental map, a potentially misleading result. For a given systematic error, 6ér = 
r - R, in the one-parameter fit, we can also estimate the systematic error in the back- 
ground SB , which is given approximately by 
6(B,/B,) E, \or 
(Ey ° 


(B,/B,) EY 


1 

where E, and E, are the centers of the pre-edge fitting window and the post-edge integration 
window, respectively (Fig. 1). Figure 3 shows the fractional change in the background ra- 
tio B,/B, as a function of (t/A;) for narrow energy windows at E, and E,. The curves were 
obtained by measurements on the generated spectra. When 6B, is comparable with the size 
of the characteristic signal it is clear that the one-parameter fit is not valid. The 
largest changes in B,/B, occur for energies closest to the carbon K edge, for example in 
the neighborhood of the calcium L,, edge; there is less effect near the nitrogen K edge, 
At the oxygen K edge very little effect is predicted even for a large thickness range. At 
low energy losses significant changes in BL/B, also occur, for example at the phosphorus 
L,, edge. 


Correctton Procedures for Imaging and Comments 


From the preceding discussion we can outline certain procedures for acquiring and pro- 
cessing the data in STEM energy loss imaging. 


1. Since we do not in general know how r varies across the image, prior to recording 
the data, we should first carry out a two-parameter fit at each pixel] to obtain A and r 
which should be stored. The computed background should then be subtracted from the window 
above the threshold to give the core edge signal, S. This procedure can be carried out 
while the computer is acquiring the image,?’*°*!*?13 

2. We should choose as wide a fitting window as possible in relation to the edge in- 
tegration window. This choice minimizes the standard deviation in the extrapolated back- 
ground. 

3. If the expected systematic error 6B, due to mass thickness variations is less than 
the statistical error og, in the two-parameter fit then a one-parameter fit should be at- 
tempted to reduce Op,. We can test the validity of assuming a constant value for r by ex- 
amining the r image for any structure. Alternatively, we can use curves such as those of 
Figs, 2 and 3 to estimate the relative size of GOB,. 

4, When a one-parameter fit is considered to be valid a corrected image S' can be de- 
rived from the previously determined signal S (by use of the values of A and r stored at 
each pixel) and an expression similar to Eq. (9). The mean value r over the whole image 
can be used to estimate the true value of the parameter r. The fluctuations of r from 
pixel to pixel are then given by Or = r - r. The detection limits in the corrected image 
are expected to be lower than those in the two-parameter fitted image by a factor of be- 
tween typically 2 and 5, depending on the choice of energy windows. 

5. Finally, we must normalize the effects of elastic scattering and inelastic scatter- 
ing by dividing one core edge image by another core edge image or by the zero loss image. 
This step is more important when a major species is being imaged since small variations in 
concentration may be of interest. If a minor species is being imaged, detection of the el- 
ement may be the most important consideration and small variations in its concentration may 
only be of secondary interest. 
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OBSERVATIONS ON THE DETERMINATION OF $(oz) CURVES FOR THIN FILMS IN THE ANALYTICAL ELECTRON 
MICROSCOPE 


D. E. Newbury, R. L. Myklebust, A. D. Romig Jr., and K. W. Bieg 


A description of the depth distribution of x-ray production under electron bombardment, 
designated o(oz), where oz is the mass thickness, is important for the development of 
accurate methods of quantitative analysis in analytical electron microscopy (AEM).! The 
measurement of $(oz) curves for solid specimens is a well-established experimental pro- 
cedure in electron probe analysis,* and recently attempts to measure the (oz) function 
for thin foils in the AEM have been reported.* These AEM measurements utilized a simplif- 
ication of the traditional method of $(oz) determination. In this paper, we demonstrate 
that the (oz) curve determined by this simplified method is in substantial error in cases 
in which significant scattering occurs within the foil because of the use of (1) high 
atomic number targets or (2) highly tilted specimens. 

In solid specimens, the $¢(0z) function is measured by placing a thin layer of tracer 
at a known depth in a bulk matrix of similar atomic number to that of the tracer. The in- 
tensity measured from the tracer in the composite specimen is normalized by the intensity 
measured from the free-standing tracer layer. In the work of Stenton et al. on thin foils,”® 
the tracer layer was placed at the bottom of matrix foils of various thicknesses to measure 
d(pz). The value of the x-ray intensity ratio (tracer in matrix/tracer) was assumed to 
represent the value of $(pz) at the equivalent mass thickness in a foil of thickness equal 
to the largest value of oz utilized in the experiment. That is, the incremental measure- 
ments were used to construct a grand curve which represented $(0z) for a foil of total 
thickness 380 nm. These authors recognized that this simplified sample configuration, 
which eliminated matrix material below the tracer layer, was a compromise since it did not 
account for scattering in the foil below the tracer. They limited their experiments to 
normal beam incidence and foils of low to intermediate atomic number, where scattering 
is minimzied. The resulting ${pz) curves showed a monotonic increase with depth. 

The scattering situation is sharply altered if the specimen is tilted relative to the 
beam. Although electron scattering is strongly peaked in the forward direction, in a 
tilted foil small-angle multiple scattering causes a significant flux of electrons back 
through the foil that cannot be ignored in constructing an accurate 6(0z) curve. In the 
present study, acombination of experiments and Monte Carlo calculations have been used to 
construct (oz) curves from tilted samples of high atomic number. 


Expertmental and Caleulattonal Procedures 


Composite heavy element foils were fabricated by sputtering of hafnium and gold onto 
20nm-thick carbon foil. Thicknesses were determined by quartz oscillator, gravimetry and 
ellipsometry. The uncertainty in the foil thickness was 15% at a thickness of 20 nm and 
5% at a thickness of 300 nm. On a base foil of hafnium (20 nm thick), a series of gold 
foils was deposited to thickness of 11, 50, 100, 150, 200, 230, and 300 nm. The produc- 
tion of hafnium La x rays was measured at a beam energy of 100 keV and a specimen tilt of 
45° (take-off angle 49°). Approximately 15 000 counts (FWHM) were accumulated in the Hf 
La peak, and six spectra were measured at different locations in each sample to check for 
local variation in the sample thickness. The measured intensities from the hafnuium and 
hafnium-gold specimens were used to calculate the ratio 
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o(pz_ J = [Hf(in Hf-Au)/Hf(20 nm) ] 


No absorption correction was applied because of the high energy of the x rays measured 
(7.8 keV) and the small mass thickness. The maxiumum absorption correction for the thickest 
film was estimated to be less than 5%. 

Monte Carlo calculations were carried out with a simulation specifically designed for 
thin foils and high beam energies." For each d(oz) curve, 100 000 trajectories were cal- 
culated. In the construction of the histogram, each depth increment received contributions 
from at least 90% of the trajectories calculated, so that the statistical uncertainty as- 
sociated with each point on the curve is approximately o = 0.3% (relative). 


Results and Dtseusston 


Figure 1 presents the results of $(9z) curves for gold calculated by Monte Carlo sim- 
ulation for foils 50, 100, 150, 200, 250, and 300 nm thick, with the results in each box 
of the histogram normalized to the intensity of x rays calculated for a gold foil 10 nm 
thick. Also plotted in Fig. 1 are the experimental results obtained from the Au-Hf com- 
posite foils. The thickness value plotted represents the midpoint of the hafnium tracer 
layer. 

If the tracer material is placed on the bottom of the matrix foil, each experimental 
measurement represents the last box in the $(pz) histogram for a foil of that total thick- 
ness. Thus, each experimental measurement can only be compared with a single point on the 
Monte Carlo curve calculated for that thickness. Considering the uncertainty in the de- 
termination of the thickness of the composite foils, good correspondence is obtained be- 
tween the experiment and the calculations. 

Using the Monte Carlo calculations, one may compare the actual $(oz) curve for a foil 
of a given thickness with the apparent o(pz) curve that would be constructed by application 
of the method of Stenton et al. We can obtain the apparent (pz) curve from the calcu- 
lated Monte Carlo curves in Fig. 1 by drawing a curve through the final $6(pz) value for 
each thickness. When that is done for a total thickness of 300 nm, the apparent $(0z) 
curve is seen to differ greatly from the actual curve. The actual $(09z) curve rises to a 
higher peak value (1.53 vs 1.21) and has a more negative slope than the apparent curve. 

If we consider foils of lesser thickness, substantial differences between the apparent and 
actual (oz) curves are still noted, even for foils as thin as 50 nm. Thus, the monoton- 
ically increasing $(9z) curves observed at normal incidence by Stenton et al.? should not 
be considered applicable to tilted foils. 

These calculations and experiments demonstrate that if an accurate (pz) curve is to 


FIG. 1.--X-ray generation depth distribution 
functions $(oz) for gold tilted 45°, beam 
energy 100 keV. Solid lines give results of 


5 Monte Carlo electron trajectory calculations; 
Gold 100 000 trajectories were calculated for each 
100 keV thickness. Dashed line gives apparent depth 
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Monte Carlo calculations of binary foils with 
tracer foil on bottom. Experimental points 
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be measured, then the simple binary target of Stenton et al.* fails for all but the cases 
of minimal scattering. Considering the experimental difficulties and uncertainties in 
constructing composite foils of matrix-tracer-matrix form, it is probably more reasonable 
to utilize the Monte Carlo procedure to calculate (oz) curves as they are needed. From 
Fig. 1, it can be seen that the (oz) curve depends markedly on thickness. In view of 
the realistic limitations to the application of the Monte Carlo simulation for all pos- 
sible cases, it would thus be useful to develop a generalized analytic $(pz) expression, 
which would incorporate the parameters of atomic number, thickness, tilt, and beam energy, 
from a limited collection of curves calculated by Monte Carlo simulation. 
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AEM/STEM ANALYSIS OF VAPOR DEPOSITED MULTILAYER LASER TARGETS 
K. A. Johnson, K. P. Staudhammer, G. A. Reeves, and L. R. Vesser 


Large pulsed lasers have been used for shock 
studies, particularly for equation-of-state 
measurements, for several years, 173 One 
experimental problem has been accurate meas- 
urement of absolute density of the target 
foils. The foils examined here were made and 
measured for that purpose. The layout of 
the targets and supporting substrate is shown 


4 P in Figs 1. 
renee RECORIDE LAMINATE S(TEM) examinations were made to augment 
LASER TARGET ASSEMBLY the other types of measurements of absolute 
density. We examined the structure of the 
FIG. 1.--Schematic of vapor deposited Sum-thick layers of aluminum and gold on 
laser: target. aluminum laminate gold substrate to establish 


film integrity, to characterize the micro- 
structure, and to estimate the surface roughness of this multilayer material. The TEM 
samples proved to be somewhat difficult to prepare due to the multilayers within the mater- 
ial, particularly the amorphous nonconducting aluminum oxide (A1,0,). 

It is important to know the uniformity of the target layers as well as the roughness 
of the surfaces. The aluminum in the substrate was made homogeneous by the introduction of 
a small amount of oxygen (in pulses) to break up the growth of grain structure during the 
evaporation process.° We did not add oxygen to the target layers since the requirements 
dictate a pure metal. The target layers required a homogeneous, uniform structure as close 
to theoretical density as possible. For the hardened substrate aluminum, there was addi- 
tional interest in the uniformity and structure because this material is finding a wide 
variety of applications in physics experiments which require very thin, self-supporting 
aluminum foils. 

The targets were made by physical vapor deposition of the materials onto glass slides. 
To insure adherence of the interfaces between deposition layers, the entire deposition 
cycle was carried out without any air being admitted into the vacuum chamber, except for 
the oxygen used to smooth and strengthen the aluminum in the substrate. 

Disks 3 mm in diameter were prepared by mechanical punching and then electropolished 
in a twin jet electropolisher. The 5yum target layers were prepared by selective coating 
to prevent removal of that layer and then thinning from the substrate side. 

The difficulty of electrothinning materials of various electrochemical properties 
generally poses a problem, but the anticipated difficulty due to this electrochemical 
difference between the gold target and substrate did not arise. The solution used in 
this investigation was 7:1, perchloric/acetic acid, electropolished at 5 V and -8°C. 
Electron microscopy examinations were done in a Phillips 400 AEM and a 200B JEOL to char- 
acterize these films. The techniques included CTEM, (S)TEM, secondary and backscatter 
images, and energy-dispersive spectrometry (EDS). 

The strengthening and smoothing of the aluminum substrate is caused by a thin uniform 
aluminum oxide layer at uniform intervals. A secondary electron image micrograph (Fig. 2) 
illustrates this layering. An interesting feature of the target aluminum/A1,0 substrate 
is the formation of discrete periodic Al,0, layers. We note the stepwise etching of this 
material in Fig. 2, and that the Al,0, layer cracks and spalls as the etching progresses. 
This cracking indicates that a differential stress exists between the aluminum and Al, Oy 
layers. A typical microstructure of the etched substrate surface is shown in Fig. 3. 
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FIG. 2.--Secondary electron image of 
thinned aluminum/A1,0O,, surface. 


FIG. 3.--STEM dark-field image of thinned 
aluminum/Al 0), thin layers. 


FIG. 4.--Secondary electron image of gold 
target surface. 


The stepped layers are caused by the inhib- 
iting action of the oxide layers in the elec- 
tropolishing technique. 

Backscatter and topological contrast on 
both target strips was very poor (no sharp 
edges); we can assume the roughness height is 
somewhat smaller than the detectable periodi- 
city of surface roughness. The surface of 
the gold and aluminum were examined by both 
secondary electron and backscatter electron 
imaging to estimate the surface roughness. 
Figure 4 is a secondary electron micrograph 
of the gold surface near the edge of the gold 
strip; the contrast was very poor and only 
the suggestion of a surface topography could 
be detected. The periodicity is approximately 
0.15 um. Consequently, our estimate based on 
the periodicity is that the surface roughness 
was less than half that. No significant con- 
trast could be achieved on the aluminum sur- 
face except at the edge, where there were 
larger grains (Fig. 5). What we see on the 
aluminum target layer is not roughness but 
orientation effects of the grains (i.e., chan- 
neling). The assumption based on this lack 
of evidence is that the aluminum surface with 
even poorer contrast is smoother than the 
gold. <A light additional gold coating on the 
aluminum surface did not reveal any detectable 
surface structure. 

Using standard TEM, examinations were 
made of both the gold and aluminum target 
foils. The grain size of both is the same 
size as that of the aluminum on the A1,0 
substrate (0.13 um). Note that the gold grain 
$ize 1S approximately the same as the perio- 
dicity of the gold surface roughness. In 
both cases the composition was verified by 
EDS. Typical TEM of the target layers are 
shown in Fig. 6 (Al) and 7 (Au). Note the 
gold in Fig. 7 is twinned. 

TEM of the Al,0,, was also done to char- 
acterize its structure. It is uniform, con- 
tinuous, and amorphous, as shown in Fig. 8 
along with its associated selected area dif- 
fraction pattern, All ‘the Al,O, layers. ob- 
served were of this character. The Al,0 
layers thickness is approximately 50 A and 
the associated aluminum layer thickness is 

9° 
approximately 250 A; these thicknesses were 
estimated from the deposition rates. 

Characterizing laser target thin films 
was accomplished via multiple and mixed 
imaging modes in (S)TEM, EDS, and AEM. By 
these techniques the estimate of surface 
roughness was bracketed to be less than 1% 
of the Sym target thickness, which was suf- 
ficient to satisfy the needs for the laser 
physics experiment. 
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FIG. 5.--Secondary electron image of FIG. 6.--CTEM of thinned aluminum target 
larger grained edge of aluminum step step. 
surface. 


FIG. 7.--CTEM of thinned gold 
target step. 


FIG. 8.--Al,0, continuous layer and associated se- 
lected area diffraction pattern. 
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THE Si(Li) DETECTOR-SPECIMEN ANGLES IN AN AEM 


R. L. Myklebust 


For quantitative energy-dispersive analysis in an AEM, the position of the detector with 
respect to the specimen and electron beam must be known. The angle of the detector with 
respect to the electron beam is generally a fixed instrumental parameter that is known 


Detector 


iBeam 


FIG. 1.--Detector-specimen geometry: plane N is normal to electron beam, x and y axes 
lie in plane of specimen S, dashed lines with arrows all lie in same plane with b, g, 
and K and this plane is normal to plane N and parallel to x axis; plane containing G 
and g is normal to plane N and normal to x axis. 


The author is at the Center for Analytical Chemistry, National Bureau of Standards, 
Washington, DC 20234. 
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for each system. The specimen tilt axis is also an easily obtained parameter for each 
microscope and the aximuthal angle of the detector with respect to the specimen tilt 

axis can be specified. The angle between the detector and the specimen surface (usually 
called the take-off angle) can be easily determined if the specimen is tilted toward the 
detector (aximuthal angle = 90°, detector axis at right angles to the tilt axis).! How- 
ever, in many instruments that is not the case and calculating the take-off angle is more 
complicated. In the following discussion, the angular relations between the detector and 
the axes of the specimen together with the take-off angle are derived. 

The x, y, and z axes are defined relative to the specimen. The z axis is normal to 
the surface of the specimen with its positive direction into the specimen. The x and y 
axes lie in the surface, plane S, of the specimen with the x axis as the tilt axis. All 
parameters are defined relative to the plane N normal to the electron beam that contains 
the x axis (tilt axis). The detector elevation angle a is the detector-to-plane N angle, 
and the detector aximuthal angle ¢ is the angle between the projection of the detector 
on the plane N and the x axis which lies in the plane N. The tilt angle 6 is the angle 
between the y axis and the plane N. Figure 1 shows all the planes and angles involved in 
the derivation. 

The first step is to determine the angles the detector makes with the three axes of 
the specimen. These are the angles required when one makes x-ray emission calculations 
from Monte Carlo electron trajectory simulations. The second step is to determine the 
x-ray take-off angle for this case. 

Assign a value of unity to the length of the projection of the y axis on the plane N 
normal to the beam (''a'' in the drawing). The plane b,c,H,g is normal to the projection 
of the y axis on the plane a,b,e. Then: 


d = l/cos 6 

e = l/sin $¢ 
b = cos $/sin 
c = sin 6/cos 6 


and 
h.= 1/}cos. asin ¢] 
g = sin a/[cos o sin $] 
K2 = (c + g)2 + b2 
It is now possible to solve for the angle t between the detector and the y axis: 
cos t = (h* + d? = -k2)/2hd 
Substituting the above values for h, d, and K, and simplifying, we obtain 
cos T = cos a cos 8 sin ® - sin a sin 8 
To solve for the angle & of the detector with the x-axis, 
cos 8 = b/h 
Substituting the above values for h and b, and simplifying gives 
cos 6 = cos o cos ¢ 
The angle y of the detector with the z axis is then 
cos y = SQRT[sin*t - cos*8] 
The angles of the detector with respect to the three axes of the specimen have thus been 
defined. 


The only remaining step is to determine the x-ray take-off angle w. For that we 
must determine one additional segment: 
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p = SQRT(e* + c%) 


Then the take-off angle is given by 


cos Wy = [p? + h? - (g + c)*]/2ph 
Substituting the above values for p, h, g, and c, and simplifying, we obtain 


cos y = [cos a cos 6 - sina sin 6 sin $]/SQRT[cos*8 + sin*6 sin*$] 


This is only a take-off angle and does not account for any differences in the distri- 
bution of the x rays within the specimen when the electron beam is not normal to the 
specimen surface. A treatment of the nonuniformity of x-ray production in tilted foils 
has been considered by Newbury et al.? 
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Microbeam Analysis of Particles 


DEVELOPMENT OF A MINIATURE SCANNING ELECTRON MICROSCOPE FOR IN-FLIGHT ANALYSIS OF COMET 
DUST 


J. M. Conley, J. G. Bradley, C. E. Giffin, A. D. Tomassian, and A. L. Albee 


The SEMPA (Scanning Electron Microscope and Particle Analyzer) electron miniprobe is a min- 
iaturized electrostatically focused electron microscope and energy dispersive x-ray ana- 
lyzer for in-flight analysis of comet dust particles. The instrument was designed to be 
flown on board a comet rendezvous spacecraft. Other potential mission applications are 
asteroid rendezvous and planetary lander missions. 

Hart et al. described the instrument and discussed the design considerations.! The 
goal of the development effort is to achieve a reliable, light-weight, low-power instru- 
ment capable of imaging and elemental analysis of particles in the size range of 0.25 um 
and larger.* An electrostatic lens design best meets the requirement for light weight and 
low power. The SEMPA flight electron optical column design parameters are summarized in 
Table 1. 


Fl¢«ght Instrument Coneept 


Figure 1 is a drawing of a conceptual flight instrument. The electron-optical colum 
and imaging detector have thus far been breadboarded. The high-voltage power supply, vac- 
uum pump, and photomultiplier now in use are commercial laboratory devices. A room-temp- 
erature x-ray detector assembly 


.-- EMP i i i : : i 
TABLE 1 Summary of SEMPA flight instrument design is now being designed. A manual 


Reng eens: sample stage is being used in 
Power 28 ~watts the development of the column. 
Mass Construction of the automated 
Sensor (includes sensor electronics) 13.0 kg flight sample stage awaits the 
Bus electronics 1.9 kg definition of a flight project. 
Detector cooler 2.0 kg The electron source is at 
Total 16.9 kg present a 0.1mm tungsten hair- 
Dimensions pin cathode, which will be re- 
sensor 60 x 20 x 18 cm placed with a LaB, cathode for 
Sensor electronics 10 x 8 x 4 cm the flight application. Elec- 
Bus electronics 18 x 42 x 6.3 cm trostatic condenser and objec- 
Beam voltage see S| tive lenses are utilized to 
Beam current 10-10, minimize power and weight. A 
Field size 200 x 200 um beam centration detector and 
Imaging resolution: beam alignment coils minimize 
Tungsten cathode 400 nm the centering requirement for 
LaBg cathode 40 nm the Wehnelt cathode, to ease 
X-ray energy range 0.2 to 10 keV the tolerances for a mechanism 
X-ray energy resolution ~150 eV for automatic replacement of 
Electrostatic lens focal lengths the Wehnelt/cathode assembly in 
Condenser 0.36 cm flight. Two sets of coils for 
Objective 1.77 cm double deflection scanning of 
Scanning and stigmation magnetic 


The authors are at the Jet Propulsion Laboratory, California Institute of Technology, 
Pasadena, CA 91109; A. D. Tomassian is currently at Perkin-Elmer Corp., Pomona, Calif. 
The authors express their thanks to other members of the original SEMPA proposal team, 
especially Donald Brownlee, Anthony Finnerty, and Raymond Hart. Charles Kurzweil designed 
the magnetic shield and Robert Frazer the stage. James Hill of JPL has done much of the 
machining, assembly, electronics, and vacuum system development. The research was carried 
out at JPL under NASA Contract NAS 7-100. 
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the beam are followed by stigmation coils and the objective lens. The x-ray detector in- 
dicated on the drawing is Si(Li). The heat pipe marked "to radiative cooler" cools the 
detector to 140° K to attain an energy resolution of 150 eV. The conventional secondary- 
electron detector for imaging has an accelerating potential of 10 kV on the scintillator. 
The column high-voltage power supply and the ion pump for differential pumping of the cath- 
ode region are shown at the cathode end of the column. Additional details of the instru- 
ment are presented in Ref. 1. 

The somewhat detailed drawing of the planned flight sample stage, shown in Fig. 1, is 
clarified by the inset schematic drawing. The sample drum is fitted with 64 dimples, 14 
of which are used as calibration sites. The remaining 50 are coated with an adhesive ma- 
terial? which is exposed to dust being carried from the comet head at a velocity of about 
10-100 m/sec. Models* for the pressure in the region of the spacecraft (~40 km from the 
comet nucleus at closest approach) indicate a pressure of about 10° Torr. Based on dust- 
flux estimates from other instruments aboard the spacecraft the isolation valve is opened 
for up to several hours to allow deposition of approximately 300 particles on a single 
sample site of 200 x 200 um. The valve is then closed and the sample drum is rotated 120° 
to allow coating of the sample by carbon evaporated from the filaments shown in the draw- 
ings. A further 120° rotation places the dimple in the beam for imaging and elemental 
analysis of the dust particles. 

For the current laboratory tests commercial electronics supply signals to the bread- 
board and process the imaging data. 


Breadboard Performance 


The breadboard column has exceeded the imaging performance expected when used with a 
tungsten cathode. This result was achieved only after careful attention to magnetic-~field 
reduction. The Type 321 stainless steel lenses initially used in construction of the in- 
strument were found to possess enough remnant magnetism following operation of the beam 
alignment and scanning coils to prevent transmission of the electron beam. The beam is 
very easily deflected within the lenses where the electron velocity is quite low. After 
replacement of the lenses and most other stainless steel components near the optical axis 
with titanium elements, no further beam-transmission problems occurred. 

The initial imaging performance of the column was limited by the magnetic fields of 
the laboratory power line and the_geomagnetic field. The lowest 60Hz laboratory background 
observed was approximately 7 x 10 © Tesla (0.7 milligauss), corresponding experimentally to 
a beam deflection of 0.4 um at the target. The 2 x 10 ° T horizontal component of the geo- 
magnetic field resulted in a beam deflection of the order of 300 um. A two-layer Hipernom 
magnetic shield, which attenuates the dc field by a factor of 100 and the ac field by 10, 
was fabricated. Figure 2 is a photograph of the column installed in the shield. A smaller 
integral shield would be suitable but would hinder access to the breadboard adjustments. 

The measured spatial resolution in the center of the field of view is about 0.3 um, 
somewhat better than anticipated for a tungsten filament. This is consistent with a 40um 
effective source dimaeter and the design demagnification of 125 in the optical column. 

The maximum field size at a 15keV beam energy and 15mm working distance is ~ 600 x 
600 um. The internal voltage-divider arrangement originally installed for objective focus- 
ing was replaced with an external supply to achieve a fully focused beam. 

Figures 3 and 4 illustrate the present imaging capabilities of the system. Figure 3 
is a secondary electron image of a metal grid. The rectangular holes are about 39 um 
square. Figure 4 is a backscattered electron image of the same target. 

The electron-optical column has proven to be rugged as well as easy to align. The ob- 
jective lens and aperture (200 um) positions are fixed in the vacuum housing. The con- 
denser lens and aperture (600 um) are radially adjustable by about + 0.3 mm in the column 
by means of external screws. There is one additional aperture 400 ym diameter just below 
the condenser. One can routinely achieve optical alignment by clamping the condenser at 
an approximately center location in the housing and adjusting the cathode assembly radially 
to obtain maximum beam current to the sample. It has not proved necssary to adjust the con- 
denser position further. Once aligned, the system does not need realignment except after 
disassembly. Laboratory tests indicate that adjustment of the centration field can compen- 
sate for deviations of the Wehnelt cathode centering of about 125 wm from the optical axis. 

The electron detector for low-energy and backscatter imaging is a scintillator-photo- 
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FIG. 3.--SEMPA secondary-electron image. 


FIG. 2--SEMPA breadboard column mounted in 
magnetic shield. 
FIG. 4,--SEMPA backscattered electron image. 


multiplier system. A +10kV bias is applied to the 13 mm-diameter scintillator for low- 
energy secondary electron imaging. The photomultiplier is coupled to a polycarbonate 
light pipe and Eu:CaF, scintillator. For backscattered imaging the 10kV bias is turned 
oft. 


Spacecraft Environment 


Current models project an ambient gas pressure of 10 ° Torr at closest approach to the 
comet by a rendezvous spacecraft.” Residual gas emanating from the spacecraft would result 
in a lower but significant pressure contribution. Therefore, differential pumping of the 
cathode region will be necessary to achieve the 10 ° Torr required for long life of a LaB, 
cathode. 

The dc magnetic moment of typical spacecraft (e.g., Voyager) has been of the order of 
1000 pole-cm,°* corresponding to a field of about 2 x 10’ T at a distance of 1 m. A small 
amount of shielding will reduce this field to a negligible level at the instrument. At 
the spacecraft power supply frequency of 2400 Hz, the Voyager field was below the monitor- 
ing magnetometer noise level of 10°'° T. Although it is expected that SEMPA could be flown 
without shielding, a light-weight two-layer magnetic shield will allow freedom in placement 
of the instrument aboard the spacecraft. 
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Future Efforts 


The original goal of this development was to fly the instrument on the Internatioal 
Comet Mission, which was scheduled for a 1985 launch. That mission was cancelled due to 
budgetary constraints, but it now appears that a mission of reduced scope will be initi- 
ated in 1987 with a launch in about 1990. The immediate goal of the effort is to complete 
a demonstration of flight readiness prior to the 1987 project definition. Toward this end 
the tasks described below are now being pursued. 

A joint effort with Drs. A. Dabrowski and G. Huth of the University of Southern Cali- 
fornia will culminate in the installation of a room-temperature HgI, detector in the bread- 
board column. The USC team has demonstrated 175eV resolution at 5.9 keV and 145eV resolu- 
tion at 1.5 keV with HgI, x-ray detectors operating at room temperature.’ Although a 
cooled FET pre-amp might still be required, its temperature requirement of about 200° K 
could be accomplished with a Peltier cooler rather than the large and costly radiative 
cooler necessary for the 140° K requirement of the Si(Li) detector. In addition, fabri- 
cation of a low-noise room-temperature preamplifier may be possible with new semiconductor 
technology (e.g., gallium arsenide). 

Two options are under consideration for the solution of the question of cathode reli- 
ability. The first, reported in Ref. 1, is to provide redundant cathodes and to accept a 
lifetime of the order of 300 hr with moderate reliability (~10 ° probability of early 
failure per element). However, LaB, emitters are now commercially guaranteed for 1000 hr 
at 10 ° Torr, and so the second option under consideration is to qualify a nonredundant 
LaB, design by demonstrating long life (1000 hr) and very low probability of early fail- 
ure (10 °). Such an effort is similar to the qualification of pyrotechnic devices for 
spacecraft, a difficult task which must be weighed against that of developing redundant 
cathodes. 

In addition to the above tasks the breadboard column will be used to quantify a number 
of design parameters that would be difficult to address without an operating instrument. 
For example, it will be possible to determine parameters such as power supply and dimen- 
sional tolerances, sensitivity of the beam to drive signals and ambient fields, and imaging 
detector signal-to-noise ratio, all of which will be required to begin design of the flight 
instrument. A complete parameteric analysis will be done. We also plan to implement auto- 
mation features such as digital beam control to allow scientists to begin development of 
the algorithms to be used in sequencing the flight instrument. 

As the column is used in the tasks described above, continuing tests will demonstrate 
the long-term stability and the high vacuum required for long cathode life. An existing 
LaB, cathode design will be sought to prove vibration qualification as well as ultimate 
resolution, lifetime, and reliability. 

The plan summarized above has been developed in detail in order to resolve any ques- 
tions of technology readiness prior to the definition of a flight opportunity for the 
SEMPA instrument. 


References 


1. R. K. Hart, A. L. Albee, A. A. Finnerty, and R. Frazer, "A mini scanning electron 
microscope and particle analyzer for space applications," SEM/1981 I, 16-104. 

2. R. L. Newburn, Jr., "Models of P/Tempel 2,'' Jet Propulsion Laboratory Publ. 76-60, 
1979. 

3. §. K. Anderson and B. C. Clark, "Comet dust collection techniques," Final Report, 
Contract JPL 977180, Martin Marietta Corp., Box 179, Denver, CO 80201, Rep. MCR-81-574, 
1981. 

4. W. E. Drummond, L. Ames, A. Dabrowski, and J. Iwanczyk, "Mercuric iodide and lith- 
jum drifted silicon detector comparison for energy dispersive x-ray detection," Pittsburgh 
Conf. Anal. Chem. and Appl. Speetrsoscopy, Atlantic City, N. J., 1983. 

5. J. Bastow, Jet Propulsion Laboratory, private communication. 


181 


Ron Gooley, Ed., Microbeam Analysis—1983 
Copyright © 1983 by San Francisco Press, Inc., Box 6800, San Francisco, CA 94101-6800, USA 


ENERGY-DISPERSIVE X-RAY ANALYSES OF INDIVIDUAL PARTICLES FROM TWO SECONDARY IRON FOUNDRIES 
J. E. Post and P. R. Buseck 


Quantitative microprobe and scanning electron microscope (SEM) analyses of individual par- 
ticles are important for determining chemical speciation in atmospheric aerosols; possibly 
of even greater Significance are their application for characterization of emissions from 
specific point sources of aerosol particles. These techniques can provide information that 
is normally not obtainable from conventional bulk analytical methods, e.g. elemental assoc- 
iations, particle morphologies and surface coatings, and detailed distribution of elements 
according to particle size. In the ideal situation, it is possible to characterize or 
"fingerprint" the particle emissions from a source sufficiently so that they can be re- 
cognized in ambient aerosol samples. We present here, as an example, the results of our 
study of the emissions from the secondary iron foundries in Phoenix, Ariz. 

In a recent study of individual particles from the Phoenix aerosol, we determined that 
although natural crustal material and S compounds comprise the bulk of the samples, about 
10% of the particles originated from anthropogenic sources in the Phoenix area.'’* Of 
special interest are particles enriched in Fe, Zn, Cr, and Pb that are emitted from two 
secondary iron foundries south of Phoenix. Foundry particles were observed in each of the 
Phoenix aerosol samples examined, but were most abundant in samples collected in south 
Phoenix, where they accounted for 20-30% of the nonsulfate anthropogenic particles. Arm- 
strong’ and Armstrong and Buseck*’* studied the emissions from the two foundries, but be- 
cause they used an electron microprobe lacking secondary-electron imaging capabilities, 
they were able to analyze only particles larger than about 1 um in diameter. In the pre- 
sent study, we used an analytical scanning electron microscope with attached energy-dis- 
persive x-ray analyzer to image and analyze particles as small as 0.1 wm in diameter. 

The goals of this study were threefold: (1) to characterize the particle emissions 
from the foundries, (2) to link particle types to the specific steps in the foundry pro- 
cesses that produce them, and (3) to establish criteria for distinguishing between emis- 
sions from the two foundries. 


Foundry Processes 


The two foundries are less than 3 km apart, and for the purpose of this discussion, are 
designated foundry '"'A" and foundry ''B" (consistent with the designation used by Armstrong’). 
The operations at the two foundries are similar; scrap iron and steel is melted, adjusted 
to a desired composition, and cast into the final products. 

In general, foundry A uses only high-quality scrap iron and steel, consisting largely 
of old automobiles and train wheels. The iron and steel are separated from nonmetal im- 
purities (e.g., plastic, paint, cloth, rubber, electrical components, galvanized metal, 
nonferrous alloys, glass, etc.), either by hand or with magnets. At foundry B, the aver- 
age composition of the scrap metal is less consistent than at foundry A, and might include 
a variety of items, such as old machinery, automobiles, metal used in buildings, or almost 
any other form of scrap iron and steel. Attempts are made to separate out most obvious 
nonmetal components; however, in general, the raw metal used by foundry B contains a higher 
fraction of impurities than at foundry A. 

The shredded scrap metal is loaded into furnaces fueled by natural gas (foundry A) or 
electric arcs (foundries A and B) and heated to about 1650°C. Depending on the composition 
of the melt, Cr and Mn (foundry A) or "ferromanganese" and "silica Mn" (foundry B) are 


Author Post is at Harvard University (Department of Geological Sciences), Cambridge, 
MA 02138; author Buseck is at Arizona State University (Departments of Chemistry and 
Geology), Tempe, AZ 85287. Supported by grant ATM-8022849 from the Atmospheric Sciences 
Division of the National Science Foundation. 
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added to produce the desired type of steel. A deoxidizer is added to the molten steel near 
the end of the melting process. The deoxidizer uses by foundry A is Al, although occasion- 
ally a Ca compound, "hypercal," is substituted; foundry B uses CaO as a deoxidizer. At 
both foundries, the molten metal is poured into silica sand molds. 


Expertmental 


Particles for analysis were collected downwind of foundry B on two successive evenings 
in March 1980, and downwind of foundry A on two successive evenings in August 1980. Both 
sets of samples were collected from about 9 to 10 P.M. The samplers were placed approxi- 
mately 800 m northwest of foundry B and 200 m east of foundry A, and in all cases were 
within the respective foundry plumes for at least half of the total sampling time. The 
samples were collected onto stack sequences of 0.4, 3, and 12um Nuclepore filters by An- 
derson pumps with flow rates of about 15 2/min. 

The foundry particles were analyzed by a JEOL JSM35 scanning electron microscope with 
attached PGT energy dispersive x-ray analyzer. The analytical procedures used are described 
in detail by Post and Buseck.” All analyses were corrected by means of the particle analy- 
sis programs of Aden° and Aden and Buseck.°’? 


Results and Discussion 


Particle Compostttons. The most abundant particle types emitted by the foundries, as 
observed in this study and by Armstrong, ° are oxides of Fe and Zn, usually containing var- 
ious amounts of Si, Cr, Pb, Cl, Ca, Na, Ni, Mg, Cu, Al, and Mn. The assumption that the 
metals occur as oxides is based on the fact that the particles form at high temperatures 
in an oxidizing environment. The majority of particles from foundry A are primarily Fe 
oxide, although in some particles Si, Zn, or Mn is the most abundant element. The average 
composition for 15 metal oxide particles from foundry A is given in Table 1. The magni- 
tudes of the standard deviations indicate considerable variation in composition among par- 
ticles. 

Most particles emitted by foundry B are mixed Zn and Fe oxides, although Pb and Cl are 
abundant in many particles. The average composition for 24 particles emitted by foundry B 
(Table 1) is significantly different from that of foundry A particles. Particles from 


TABLE 1.--Mean compositions* of metal oxide particles from samples of secondary iron foun- 
dry emissions, as determined in this study and by Armstrong. ° 


Foundry A : Foundry B 

This Study+ Armstrong (1977)| This Studyt+ Armstrong (1977) 
Fe |54.0 (14.7) 34.0 (12.6) |25.4 (13.6) 16.1 (20.0) 
Zn | 1.8 (2:5) rds ee: (16.3) 120.3 (9.3) AS] (26.7) 
Pb Trace 2.6 (3.2) 12.6 (10.5) 0.3 Ci 
Mn | 1.8 (2.0) 2.6 (3.1) | 5.1 (5.6) 0.8 (1.3) 
cl |0.3 (0.4 0.5 (2.5) | 3.6 (4.5) 4.5 (11.7) 
Si | 6.0 (7.0) PS (3.9) ies oka e Css (4.3) 
Mo Trace - - - 
Cr 10.9 (0.8) 0.7 (1.6) Trace Trace 
Ni Trace 0.2 (0.4) _ - 
Cay 10.5 (0.5) Ot (0.4) 0.7 (0.7) Gon (6.0) 
Mg | 0.2 (0.3) Q.1 (0.2) 2.5 (2.4) 0.2 (0.4) 
Al | 0.4 (0.5) 0.1 (0.2) 0.5 COn2) 1.4 (5339 
Cu {0.2 (0.3) Ok * 052) 0.4 (0.6) Trace 
K 0.1 (0.1) 0.1 (0.2) 0.9 (0.9) 0.1 (0.4) 
QT? 1323 (3.9) 29.9 (3.3) 25062 (5.1) 23.8 (7.7) 


*Values given in elemental weight percent, standard deviations in parentheses. 
+tQuantitative analyses of the individual particles are listed in Post (1) 
++Determined by cation stoichiometry 
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foundry A, on the average, contain more Fe and Si, but less Zn, Cl, Mn, and Pb than those 
from foundry B. Also, particle emissions from foundry A usually contain small amounts 
(< 3%) of Mo, Ni, and Cr, all of which are rare in particles from foundry B. 

Although the compositions of the particles from the foundries as determined in this 
study are in general similar to those reported by Armstrong,”® there are some obvious dif- 
ferences (Table 1). For example, the present study shows significantly higher concentra- 
tions of Pb and Mn particles from foundry B and lower amounts of these elements in emis- 
sions from foundry A than reported by Armstrong.* Also, the current study found less Zn 
and more Fe in particles from both foundries than did Armstrong.* The original study did 
not report finding Mo in emissions from foundry A, although it is a common minor component 
in particles in the recent samples. 

In addition to the particles on which quantitative analyses were performed, several 
hundred particles from both foundries were analyzed quantitatively by Post. + They show 
that the compositions listed in Table 1 are, in general, representative of the emissions 
from foundries A and B. 


Spectfte Sources of Foundry Particles. The sources of most of the elements in the 
foundry particulate emissions are the scrap metal, chemicals added to the melt, or the 
casting molds. The use by foundry A of generally high-grade steel with a minimal amount 
of nonferrous impurities is consistent with particle emissions from this foundry that are 
enriched in Fe, with relatively low concentrations of other elements. Minor elements, such 
as Mo and Ni, and some of the Mn and Cr, probably originate in the scrap steel; most of the 
Mn, Al, Ca, and Cr result from materials added to the molten metal, either toadjust the 
melt composition or as deoxidizers. The Si may originate either from impurities in the 
scrap metal (e.g., glass), the ''silica Mn" sometimes added to the melt, or from the silica 
sand molds. The remaining elements are mainly from the great variety of impurities in the 
scrap metal. Because most of the noniron and nonsteel materials are separated before melt- 
ing, the particles emitted by foundry A usually have relatively low concentrations of these 
"impurity" elements. On the other hand, elements such as Zn, Pb, Cl, Ca, K, As, and Mg are 
more abundant in particles from foundry B; especially common are Zn, Pb, and Cl. The 
greater average concentration of Mn in particles from foundry B, compared to foundry A, 
arises because the only chemicals used to adjust the melt composition at foundry B are 
"ferromanganese" and "silica Mn," whereas foundry A uses about equal amounts of Mn and Cr. 
That also explains why Cr is rarely observed in foundry B. 

Obviously, the nature of the foundry particulate emissions depends strongly on the 
scrap-metal composition, which probably accounts for most of the differences between the 
present study and the earlier work by Armstrong.* Apparently, the scrap metal used by 
foundry A now contains less nonferrous impurities than in 1971. It is also likely that 
the compositions of the foundry particles differ somewhat from day to day and week to week. 
According to foundry officials, however, attempts are made to maintain the average scrap 
metal composition as constant as possible; thus, variations in particle emissions should 
be minimized, at least over the short term. Other factors that affect the compositions of 
particle emissions are changes in foundry processes and chemicals added to the melt. 


Parttele Morphologtes, Surface Coatings, and Sizes. Most of the particles emitted by 
the two foundries are rounded, but those from foundry A aremore often spherical; Figs. 1 
and 2 show SEM photographs of particles from foundries A and B. Many of the particles have 
smaller particles or coatings adhering to their surfaces (Fig. 1). Commonly the surface 
coatings are filamentous and show no peaks in EDS spectra; they are presumably carbonaceous. 
In other cases, small metal oxide spheres, or particles showing only S in EDS spectra, are 
attached to the surfaces of metal oxide spheres. TEM examination of some foundry fly-ash 
spheres reveals an abundance of surface coatings, some of which appear to be euhedral crys- 
tals. Detailed TEM, STEM, and EDS-SEM studies of surface coatings on fly ash from Cu smel- 
ters have revealed an abundance of various surface coatings, many of which are relatively 
volatile compounds. °?° A detailed study of surface coatings on foundry particulate emis- 
sions would be of great interest. 

SEM examination of particles from foundry B show that many are less homogeneous in ap- 
pearance than particles from foundry A (Fig. 2). EDS analyses of particles from foundry B 
reveal that many consist of two or more phases. For example, Fig. 2 shows a particle that 
consists of a Zn-rich phase and Fe-rich phases. Several of the metal-oxide particles have 
attached grains containing Pb and Cl. EDS analyses indicate that most of these Pb-rich 
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crystals are PbCl,, but in some cases are depleted in Cl, suggested a mixed chloride and 
oxide (or carbonate) of Pb. Also, crystals of mixed Pb, K, and Fe chlorides are associ- 
ated with the Fe or Zn oxide particles. Not all the Pb-rich particles from foundry B show 
obvious crystals or coatings of PbC1,; presumably in these cases the Pb is homogeneously 
mixed with the other oxides in the particles. 

In addition to the Fe, Zn oxides, particles of ZnCl,, PbCl,, PbO [or PbCO3, Pb, 
Pb(OH),], and As oxide were observed in samples collected near foundry B. It appears, 
then, that the volatile elements exist as chlorides or oxides, and that they can occur 
either as individual particles, as surface coatings on the mixed metal oxide particles, or 
in apparently homogeneously mixed oxide particles. 

The particles from foundry B range in diameter from about 0.2 to 2 um, with the major- 
ity smaller than 1 um; by comparison, foundry A particles range from about 0.5 to 5 um, 
and most are between 0.8 and 3 um in diameter. A greater abundance of submicron particles 
from foundry B, compared to foundry A, was also observed by Armstrong, ° in part perhaps be- 
cause samples were collected in both studies at a greater distance from foundry B than from 
foundry A. 


Na- cand Ca-rich Particle Enisstons. In addition to the metal oxide spheres, the sam- 
ples collected near foundry A also contain a large number of particles showing Na, Ca, Cl, 
Mg, Si, S, or K in EDS spectra. These particles are typically rounded or are euhedral 
crystals, or a combination. The rounded particles generally are composed of Ca, Cl, S, Si, 
Mg, and K and are probably a mixture of chlorides and sulfates, although quantitative anal- 
yses suggest that some elements might exist as oxides or carbonates. The euhedral crystals 
are of two types: NaCl, and those that show only Na in EDS spectra (presumably Na,CO,). 

The abundance of Ca- and (especially) Na-rich particles in the samples from foundry A 
was at first somewhat surprising. The Cl and S probably originate from impurities in the 
scrap metal, and the source of the Ca is likely the "hypercal" deoxidizer; but the source 
of the Na was not obvious. Conversations with representatives of foundry A were helpful in 
pinpointing the Na source. For many types of castings, cores were placed into molds to 
help shape the final casting. Until recently the foundry made all cores by forming and 


FIG. 1.--SEM images of metal oxide par- 
ticles collected downwind of foundry A. 
Scale bars represent 1 um. Both parti- 
cles are predominantly Fe oxide, although 
particle Acontains about 1% Cr. (A) Fe 
(Cr); (B) Fe; smaller particles on sur- 
face show only FE. 


FIG. 2.--SEM images of particles collec- 
ted downwind of foundry B. Scale bars 
represent 1 um. (A) Agglomerate of three 
‘metal oxide particles. All three parti- 
icles contain Fe, Zn, Mn, Pb, Cl and Si, 
with minor Cu, K, and Ca; particle indi- 
cated by arrow has Zn > Fe; other two 
particles have Fe > Zn. (B) Fe and Zn 
oxide particle (minor Mn, Cl, and Si) 
ith attached crystal containing Pb and 
1 (arrow). 
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baking a mixture of sand and linseed oil. Since 1979 a new method of making cores has also 
been used. Sand and Na silicate solution are mixed and blown into a core box, and the mix- 
ture is purged with CO,. The resulting reaction produces a solid core consisting of Si0, 
and Na,CO,. When the molten metal is added to the mold and core, Na,CO, is vaporized and 
emitted into the air, where it crystallizes as individual particles or on the surfaces of 
other particles. The Na,CO, can also react with Cl, or HCl to form NaCl. 


Summary 


We have used individual particle analysis methods to characterize emissions from two 
secondary iron foundries. Despite the similarity in the processes of the plants, we have 
been able to recognize chemical differences in their particle emissions and relate those 
differences to specific stages in the foundry processes. Armstrong proposed criteria, 
based on composition, for distinguishing between particles emitted by foundries A and B. 
For example, he found that particles originating from foundry A generally had more Fe than 
Zn and more than 3% Si, and commonly contained Cr. The particles from foundry B, on the 
other hand, usually had less Fe than Zn and less than 3% Si, and rarely contained Cr. For 
the most part, our results are consistent with Armstrong's criteria. We find Fe to be 
slightly more abundant than Zn in particles from foundry B. Also, we suggest that parti- 
cles containing Mo or high concentrations of Na are probably from foundry A and those con- 
taining more than trace amounts of Pb and Cl are from foundry B. In addition to composi- 
tional criteria, size and morphology can be used to distinghish between emissions form the 
two foundries. Particles from foundry A are usually individual spheres and larger than 
1.5 um, whereas those from foundry B are rounded, but irregularly shaped, and commonly 
occur as agglomerates. The foundry B particles are usually smaller than 1 um in diameter. 

Using the criteria listed above, we have identified foundry particles in samples col- 
lected at several locations in the Phoenix area. In most cases, it has been possible to 
pinpoint the foundry from which the particle probably originated. It is our belief that 
these results underscore the importance of applying individual-particle analysis methods 
to source characterization. 
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MICROANALYSES OF INTERSPERSED INTERPLANETARY DUST PARTICLES 
J. P. Bradley and D. E. Brownlee 


One of the more challenging aspects of microbeam analyses is that of individual particle 
characterization. Particulate phenomena are becoming increasingly important in several 
areas of materials research, including atmospheric chemistry and physics,! heterogeneous 
catalysis,* and extraterrestrial materials characterization. 3 Individual particles can 
range from clusters of molecules a few tens of Angstroms in diameter up to those of 100 um 
(10° A). Often the analytical information required can only be determined at the single 
particle level, and therefore it is necessary to utilize instrumentation that offers a 
microprobe capability. 

We have developed specialized procedures for collection, preparation, and analyses of 
individual interplanetary dust particles (IDPs). Individual IDPs are retrieved from the 
stratosphere (at 18-20 km) by impaction onto silicone oil-coated plates mounted on NASA 
U-2 aircraft. Silicone oil provides a highly viscous medium to cushion and entrap the 
impacting particles. Thirty tons of IDPs fall into the atmosphere daily but their spatial 
density is still so low that a typical U-2 flight results in collection of only one parti- 
cle (>10 um) per hour of flight time. 

Once the collection plates are returned to the laboratory, IDPs are located as dark 
specks (typically 5-25 um in diameter) embedded in silicone oil. Some particles are frag- 
ile aggregates of grains and can disintegrate into thousands of submicron fragments on 
impact. These particles appear on the collection surface as dense populations of debris 
covering an impact area up to 300 um in diameter. 


Parttele Preparatton 


Among the important prerequisites for the analysis of these particles are (a) cleaning 
them of the silicone oil used for collection and (b) dispersal and mounting of the parti- 
cles on appropriate TEM substrates (Fig. 1), which often requires cleaning, crushing, and 
mounting fragments from a single Sum particle onto the center square of a 200 mesh grid. 
Because the particles are small it is crucial that their components be localized on the 
TEM grid and that contaminants at the 0.lum level be kept at an absolute minimum. The 
crushing is carried out between polished glass surfaces; for some particles that is done 
dry and in other cases a viscous medium is used so that shear forces can gently disaggre- 
gate the particle. Workers in the field have used a variety of methods to mount dispersed 
particles onto a small area of a TEM grid. The most straightforward approach is to use a 
tungsten needle to scrape fragments off the glass crushing substrate, and directly transfer 
them to a thin-film (<100A) carbon substrate for TEM analyses. This procedure requires 
delicate technique so as not to rupture the carbon film. In addition, it is not efficient 
for moving submicron grains because of the difficulties of lifting small particles from 
the crushing surface and then having them jump from the transfer needle to the carbon film. 
Another successful mounting procedure (used by the Walker group at Washington University 
in St. Louis) involves evaporating a carbon film directly over the crushed particle, 
floating the film onto water, and then mounting the film on a grid. This technique works 
well but has the disadvantage that the sample comes into contact with water, which can 
produce artifacts as well as degradation of water-soluble phases. 

Another mounting procedure that has been used with success is a modified replica 
technique in which fragments from the crushing substrate are pulled up with a replica 
plastic, which is then carbon coated and placed onto a TEM grid. The plastic is then 
removed by use of either the Jaffee wick method or a vapor reflux unit. With care, this 
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FIG. 1.--Scanning electron micrograph of interplanetary dust particle that has been dis- 
persed as large number of fragments onto TEM grid. The substrate consists of holey-carbon 
mesh on which a thin (<100A) continuous carbon film is supported. Particle fragments have 
been transferred directly onto this thin carbon film. Scale bar = 2.5 um. 


method can be used to mount grains exactly in the center of a specific grid square but the 
technique has the serious drawback that removal of the replica plastic is often incomplete. 
It is also possible to mount fragments on holey-carbon films .by direct transfer of 
fragments in an 011 droplet. The sample (usually smaller than 10 um) is crushed between 
glass surfaces, with a tiny amount of silicone 011 (viscosity 500 000 centistokes) used 
to help provide shear for efficient dispersal of submicron grains. The oil is then scraped 
up with a l0Oum (tip) tapered glass needle and transferred to a holey-carbon grid resting 
on a porous glass frit saturated with hexane. When the needle just touches the hexane 
film the particles transfer to the film. To minimize sample loss it is crucial to use 
films with very small holes. The oil is efficiently removed from the samples. 
A final and very promising sample mounting method we have used involves the use of a 
solid organic material, which can be sublimed after the transfer. The crushed particle 
is picked up with a small (200um) piece of the organic solid and then with a small needle 
the solid is placed on the appropriate region of the TEM grid. Upon heating, the substance 
sublimes and the particles are left nicely dispersed on a localized region of the grid. 


Particle Analysts 


There is a range of electron-beam methods for particle analysis, including scanning 
electron microscopy (SEM), conventional transmission electron microscopy (CTEM), and 
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scanning transmission electron microscopy (STEM). For SEM studies IDPs are mounted either 
whole or as crushed particles onto Nuclepore substrates. In this configuration SEM enables 
determination of particle morphology (by secondary electron imaging) and particle composi- 
tion (by x-ray energy-dispersive spectrometry). Until recently few attempts have been 

made to perform quantitative chemical analyses of particles, largely because of the diffi- 
culties involved in correcting observed x-ray intensities for the effects of particle 
geometry. However, correction procedures have since been developed that permit quantita- 
tive chemical analyses of single particles as small as 0.1 um in diameter. * 

Despite the obvious application that CTEM has for single-particle characterization, 
very few studies have exploited this capability in the past. We have found that CTEM 
offers an extremely powerful capability for acquisition of structural information about 
IDPs. CTEM methods that we employ include high-resolution lattice fringe imaging, bright 
field/dark field imaging, and electron diffraction. One of the major advantages of CTEM 
is that it can offer structural information from grains as small as 100 A in diameter. 

Perhaps the most versatile electron optical configuration for individual particle 
studies is that provided by STEM, since it offers the user multipurpose capability that is 
ideally suited to single particle analyses. For example, the fine probe-forming ability 
of the STEM configuration provides a means of acquiring chemical information from regions 
less than 100 A in diameter. Such instruments can also be equipped with both energy-loss 
and x-ray spectrometers, which enable determination of both light (Z < 11) and heavy 
(Z > 11) elements within a particle. Thus, the STEM configuration is ideally suited for 
individual particle studies since structure, morphology, and compositional data (for both 
light and heavy elements) are all available from a single instrument. 

Electron-beam studies (with SEM, CTEM, and STEM) of IDPs are providing fundamental 
information about their morphological,structural,and chemical characteristics. These 
studies have shown that IDPs consist of extremely complex aggregates of several crystalline 
phases, together with lesser amounts of amorphous carbon. Often the mean grain size is 
less than 500 A. Crystalline phases that we have so far identified include olivine, 
pyroxenes, sulfides, carbides, alloys, and others. 

In a recently completed study we characterized very unusual pyroxene crystals.? These 
grains are ubiquitous but volumetrically minor constituents of a type of IDP we call CP 
(chondritic porous). Morphological features of these crystals, together with microstruc- 
tural defects (axial screw dislocations), strongly suggest that they were formed by direct 
gas-to-solid condensation. These observations are important since they establish a possi- 
ble link between IDPs and early solar system processes. 

In addition to refractory mineral phases like olivine and pyroxenes, we also observe 
low-temperature phases within IDPs. For example, tetragonal FeS grains occur in some 
samples, as well as isolated grains of epsilon FeNi carbide. Tetragonal FeS has an upper 
thermal stability between 130 and 250°C,° and epsilon FeNi carbide undergoes an irrevers- 
ible phase transition at 380-400°C.® All IDPs sustain a brief thermal pulse during atmos- 
pheric entry. The amplitude of this pulse depends on (a) entry velocity, (b) angle of 
entry, (c) particle density, and (d) particle size. Thus, identification of low-tempera- 
ture phases, such as tetragonal FeS and epsilon FeNi carbide, may provide an indication 
of the degree to which the host particle was heated during atmospheric entry. 

Perhaps the most elusive phase found within IDPs is carbon. In most particles carbon 
resides interstitially, and can sometimes be seen as amorphous coatings on mineral grains. 
In this configuration and structural state carbon is exceedingly difficult to characterize 
by electron-beam methods. Furthermore, carbonaceous material is a significant contaminant 
during particle collection, preparation, and analysis. Despite these problems we are 
developing an understanding of the extreme importance of carbonaceous phases within IDPs. 
In addition to amorphous rims on mineral grains we have observed: (1) discrete particles 
of amorphous carbon, (2) carburized FeNi grains, and (3) carbon filaments with embedded 
catalyst (Fe30,) particles. All these phases are characteristic of material formed by 
catalytic deposition from carbon-containing gases (e.g., carbon monoxide and hydrocar- 
bons).® They are also byproducts of the Fischer-Tropsch synthesis, a reaction that is 
believed to have played an important role in the evolution of carbonaceous chondrites. 9 
Our observations indicate that heterogeneous catalysis has played an important role in 
the formation of some IDPs, and they may provide a means of establishing a link between 
IDPs and early solar system processes. 
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INDIVIDUAL PARTICLE MICROANALYSIS OF EXOTIC COMPONENTS IN CARBONACEOUS CHONDRITE 
METEORITES: A TOOL FOR UNRAVELING THE PETROGENETIC HISTORY OF THE EARLY SOLAR SYSTEM 


J. T. Armstrong and G. J. Wasserburg 


A combination of SEM examination, point analysis, and quantitative broad-beam particle 
analysis with the electron microprobe has been employed to determine the purity, homoge- 
neity, and bulk elemental composition of individual micrograins of exotic components 
dissected and removed from fine-grained inclusions in carbonaceous chondrite meteorites. 
Isotopic analyses by means of direct-loading thermal-ionization mass spectrometry were 
performed on the suitable grains found by electron beam analysis. The combination of 
individual-particle x-ray analysis and isotopic analysis with the mass spectrometer pro- 
vides important information regarding isotopic anomalies due to the decay of short-lived 
radionuclides thought to be present during the initial formation of the solar system-- 
information that could not be obtained simply by isotopic analyses of bulk aggregates of 
crystals. 

Carbonaceous chondrite meteorites contain rare small inclusions composed of refractory 
phases rich in calcium and aluminum. These Ca-, Al-rich inclusions (CAI) are thought to 
contain some of the earliest material condensed from the solar nebula, mineral phases that 
have remained essentially unaltered since the formation of the solar system.! A variety 
of isotopic anomalies have been observed in these inclusions, including excesses of iso- 
topes thought to be produced by the decay of short-lived and now extinct radionuclides 
present in the early solar nebula.* Determination of such anomalies requires very precise 
and accurate isotopic measurements of separated pure phases. The complexity of the iso- 
topic variations observed within CAI often requires that such isotopic measurements be 
made on individual crystals or portions of individual crystals. ? 

Among the most important of the isotopic anomalies observed in -Al-rich, Mg-poor phases 
from CAI is an excess of *°Mg thought to be due to the decay of *°Al present in the inclu- 
sion at the time of formation.* Techniques have been developed to permit Mg isotopic 
analysis of individual 10-100um particles with thermal ionization mass spectrometry by 
direct loading of individual crystals on a thermal ionization filament.’ These techniques 
have been applied to the determination of *°Mg excesses in individual mineral grains from 
CAI as well as individual cosmic dust grains.°-® The direct loading technique has also 
been used to determine Pb and Ca isotopic systematics of individual mineral grains from 
meteorites°»’ and Rb-Sr isotopic systematics for lunar, meteorite, and tektite micrograin 
samples. ® 

Individual particle analysis by electron-beam instruments can play an essential role 
in the successful application of the direct loading technique to determination of isotopic 
systematics. Electron-beam instruments can provide important information regarding the 
homogeneity, degree of purity, and bulk elemental composition of the micrograins used for 
isotopic analysis. Initial experiments involving direct loading mass spectrometry were 
limited by an inability to perform quantitative elemental analysis of the individual 
grains. ° The development of accurate quantitative analysis procedures for individual 
unpolished microparticles with the electron microprobe provides a ready means to determine 
the elemental compositions of such samples. This paper presents an example of the appli- 
cation of individual-particle quantitative analysis with use of the electron microprobe 
and SEM to characterize mineral grains from the "Blue Angel,"' an important CAI from the 
Murchison carbonaceous chondrite, that were used in direct loading mass spectrometry 
experiments for determination of Mg isotopic systematics. 


The authors are at the Charles Arms Laboratory, Division of Geological and Planetary 
Sciences, California Institute of Technology, Pasadena, CA 91125. Supported by the 
National Aeronautics and Space Administration through Grant NGL 05-002-188. Division 
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Sampling and Analysts 


The Murchison Blue Angel is a relatively large CAI (approximately 1.5 mm in diameter) 
found in the Murchison carbonaceous chondrite. The detailed petrography and mineral 
chemistry of this inclusion have been previously described and a model for its petrogenesis 
has been proposed. ? A major component of the Blue Angel is hibonite (nominally CaAlj20j9), 
which is a mineral thought to be one of the first phases to have condensed from the cooling 
solar nebula.!° The possible condensation-related origin of hibonite coupled with the 
high Al and low Mg abundances typically found in the mineral makes it an especially likely 
phase to have excesses of *°Mg formed from the decay of *°Al. Individual unaltered 
hibonite grains in the Blue Angel range from less than 5 um to approximately 60 um in 
diameter. Intergrown with the hibonite are a variety of other phases including spinel 
(MgAl50,,) and Mg-rich silicates which have a normal Mg isotopic composition. Determination 
of *°Mg excesses in hibonite requires good separation of hibonite from the isotopically 
normal Mg-rich phases. 

The Murchison Blue Angel inclusion is composed of very friable and powdery portions. 
Great care was required to isolate and prepare the hibonite particle samples. All sample 
handling and dissection was done with stainless steel and tungsten microtools under micro- 
scopic observation with clean-room conditions. An unpolished fragment of the Blue Angel 
which contained a sizable portion of the inclusion's hibonite-rich core (Fig. 1) was 
removed, carbon coated, examined with the SEM, and then mounted in epoxy and micropolished 
with diamond polishing materials. The section was then reexamined with the optical micro- 
scope and SEM and analyzed with the electron microprobe. Selected regions of the polished 
section were then removed, portions were crushed, and individual hibonite particles were 
extracted. These particles were examined with the optical microscope to determine whether 
they appeared to be homogeneous and free of inclusions. Appropriate hibonite particles 
were then attached to a pyrolitic graphite planchet with microdrops of a citrate/sucrose 
solution and the planchet was carbon coated for analysis. 

The isolated hibonite particles were examined with the SEM and qualitative EDS point 
analyses were performed at high magnifications to determine whether the individual grains 
were relatively free of contamination by other phases. Grains found to be composed of 
reasonably pure hibonite (e.g., Fig. 2) were then analyzed with the electron microprobe. 
WDS analyses were performed at various points over the surface of each particle by means 
of a finely focused static electron beam in order to determine the sample's homogeneity. 
Replicate point analyses were performed with the particle rotated to different orientations 
with respect to the spectrometers. 

The relative x-ray intensities measured on unpolished grains in focused-beam experi- 
ments are obviously affected by sample geometry and orientation in addition to composi- 


ey eUkY A 180 103) 
FIG. 1.--SEM image of fragment of Blue FIG. 2.--SEM image of typical individual 
Angel interior. Dominant phase is hibonite grain extracted from interior of 
hibonite.. “Scale bar is 100 um. Blue Angel. Composition of grain is given 


in Table 1, analysis 3. Scale bar is 10 um. 
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tional variation. To a first approximation, one can determine the effect of particle 
geometry on the relative x-ray intensities in a focused-beam experiment by calculating the 
change in relative x-ray intensities produced by varying the spectrometer take-off angle. 
Such a calculation is shown in Fig. 3 for a typical hibonite composition. As can be seen 
in the figure, the relative intensities of dissimilar elements, such as Ca/Al, vary sub- 
stantially with sample orientation and cannot be used in a focused-beam experiment to 
determine homogeneity. However, the relative intensities of pairs of elements with similar 
atomic numbers (and thus similar mass absorption and atomic number corrections) are rela- 
tively insensitive to sample orientation. As shown in Fig. 3, Mg/Al and Ti/Ca vary by 
less than 10% relative for take-off angles ranging from 20 to 90°. These were the element 
pairs whose intensities were used to test the sample homogeneity in these experiments. 
Those hibonite grains determined to be homogeneous were quantitatively analyzed with 
the electron microprobe by use of a rastered beam covering the entire individual particle 
surfaces. The particle correction procedures of Armstrong and Buseck were employed. !!-!3 
Replicate analyses of each particle were performed with at least two different orientations 
to the crystal spectrometer. The corrected replicate analyses agreed to better than 5% 
relative. Typical hibonite particle analyses thus obtained are given in Table 1, along 
with typical hibonite analyses performed on a polished section of the inclusion. As can 
be seen in the table, there is an excellent agreement between the particle and polished 
section analyses. The particle analyses show the high degree of stoichiometry observed in 
hibonites from this inclusion, corresponding closely to the ideal formula Ca(Al,V,Cr,Fe,Mg= 
Ti,Si}120,;9. The somewhat higher levels of Fe and Si observed in the hibonite particles 
are possibly due to slight contamination by Fe-rich silicates from the meteorite's matrix. 
Al/Mg atomic ratios for the analyzed hibonite particles ranged from 24 to 36 with a typical 


ya SSP PhS qeoeromem = TABLE 1.--Composition of hibonites 
1 Ca/Al / from the interior of the Murchison 


|.5—¢— 


| Blue Angel (atomic proportions).? 


| | EFFECT OF GEOMETRY | 
Lar | ON HIBONITE 
| INTENSITY RATIOS 


i3L | | ca 1.02 0.99 1.03 1.00 

=| Fal | 11.16 11.00 10.95 11.00 

ey 0.10 0.09 0.08 0.05 

| cr 0.005 0.01 -—- 0.009 

(A/B),0 21 \ | Fe 0.001 --- 0.008 0.01 
TA/B).. <0 | \ | me | 0.34 0.43 0.44 0.43 
( 38.5 | , | Ti 0.35 0.45 0.45 0.43 
| \ | si 0.02 0.02 0.04 0.07 

1 \ | o 19.00 19.01 19.00 19.03 


4atomic proportions are normalized 
o 13 total cations. 
Analyses: 1 is the average of 120 
analyses of hibonite grains from 
: , : | polished sections of the interior of 
0.9} f | the Blue Angel; 2 is typical high Mg 
/Mig /Al | and Ti containing hibonite from a 
: | polished section of the interior; 
OS...) ) fn I a | 3 and 4 are typical analyses for 
iO 20 30 40 50 60 70 80 90 unpolished hibonite particles 
/O extracted from the interior, 
Wy particle 3 is shown in Fig. 2. 


FIG. 3.--Effect of spectrometer take-off angle on 
relative intensities of element pairs in hibonite at 
15 keV. 
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value of 27, corresponding to the same distribution observed for polished samples of 
hibonites from the interior of the Blue Angel. 

Several of the quantitatively analyzed hibonite grains were individually direct-loaded 
onto filaments and isotopically analyzed with the mass spectrometer. The combination of 
the Mg isotopic analyses determined with the mass spectrometer and the Al/Mg elemental 
ratios determined with the electron microprobe was used to determine that excesses of 20Mg 
found in the grains were correlated to the Al/Mg and thus most probably due to decay of 
live *°Al present at the time of formation of the inclusion. The details of the isotopic 
analyses are presented elsewhere. !* 


Summary 


The proper interpretation of isotopic measurements of a wide variety of terrestrial, 
meteoritic, and lunar samples requires detailed petrologic information regarding the indi- 
vidual samples analyzed. In certain applications, combined electron microprobe and ion 
microprobe analysis of polished sections can provide the necessary petrologic and isotopic 
information (e.g., Ref. 3}. Many applications, however, require isotopic measurements of 
higher precision than can be readily performed with the ion microprobe, and thermal-ioni- 
zation mass spectrometry is the isotopic analytical technique of choice. For these appli- 
cations, the ability to perform quantitative elemental analyses of individual particles 
and portions of particles can provide essential complementary information and should be 
routinely employed. 
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A MINICOMPUTER PROCEDURE FOR QUANTITATIVE EDS ANALYSES OF SMALL PARTICLES 
G. D. Aden and P. R. Buseck 


Quantitative analysis of small unpolished particles is important for many applications, 
yet few computer programs are available to perform the necessary data reduction. A new 
procedure is presented here for performing rapid quantitative analyses of unpolished 
particles in an electron-beam instrument equipped with an energy-dispersive spectrometer 
(EDS). Data are presented that demonstrate unpolished particles, ranging in diameter from 
0.1 up to 20 um, can be quantitatively analyzed with an accuracy of 5-10% relative, based 
on thick polished simple oxide standards. This correction has been incorporated in a 
minicomputer program FRMRUN. 


Prevtous Work 


The irregular nature of small particles (0.1-20 um in diameter) makes quantitative 
analysis difficult because standard ZAF corrections, which require a well-defined geometry, 
cannot be directly applied. In addition, for electron accelerating voltages under 30 kV, 
particles in this size range are not small enough to be treated as true thin films and the 
interelement corrections cannot be ignored. 

An extensive review of the problems of the quantitative analysis of unpolished parti- 
cles is available.! Several methods for quantitative data reduction of particle samples 
have been proposed. Early approaches to particle data reduction utilized a model that 
assumes particles can be treated as thin films.*»° However, the thin-film model is limited 
to the analysis of particles with thicknesses much less than 1 um. 

A more rigorous set of particle corrections involves the detailed calculation and 
numerical integration of the particle shape effects on the absorption and fluorescence 
corrections.* This correction procedure has been shown to give excellent results for 
particles larger than 1 um, but the calculations are extensive and require considerable 
computer power. Monte Carlo calculations have also been used to simulate particle size 
and shape effects,°»° but once again the lengthy computations involved limit their general 
USE. 

Another form of particle correction has been presented that uses the x-ray peak-to- 
background ratio (P/B) to determine particle correction effects.°-® This correction is 
simple to apply, but it requires that the particles be suspended so as to minimize the 
contribution to the background from the substrate, a limitation that can be severe for 
many particle-analysis applications. In addition, the P/B method gives erroneous results 
when the thickness of the particle is smaller than the electron range in the sample (about 
1 um in a silicate matrix). 

A modification of the thin-film approximation of Philibert and Tixier*’ has been sug- 
gested for quantitative data reduction of particles that are too thick (semithin film) to 
be correctly considered thin films.? This method uses the thin-film atomic number correc- 
tion factor (P-factor) in conjunction with a particle size/electron range correction in 
an attempt to model semithin film behavior. Using this modified P-factor equation, we 
have observed some improvements in the reduction of particle data compared to a pure thin 
film correction, but the form of the equation used to modify the P-factors (see below) 
does not appear to model correctly the atomic number effect for semithin films.1° Even 
though there are problems associated with the initial application of the modified P-factor 
correction, the approach does provide a correction procedure for the intermediate case be- 
tween thin and thick particles and it is a similar approach that is described in this work. 


Author Aden is a senior staff scientist at Princeton Gamma-Tech, 1200 State Rd., 
Princeton, NJ 08540; author Buseck is a professor at Arizona State University (Chemistry 
and Geology), Tempe, AZ 84287. Supported in part by funds from the National Science 
Foundation under grant ATM-8022849., 
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Algorithms 


Several authors have pointed out that some type of modified ZAl correction must be 
performed on the data from the electron beam analyses of particles if reasonable results 
are to be obtained. These corrections must apply to particles that are thicker than the 
electron range (which have one sect of correction requirements) and particles that are 
thinner than the electron range (with a completely different set of correction require- 
ments) and all particle thicknesses in between. In the version of the modificd P-factor 
approach’ the following equations were used for atomic number and absorption corrections. 
For a particle of estimated thickness z and a calculated electron range z,, the atomic 
number correction P! for the particle follows the form of 


YT? 


Paes aL: P)z/z,] + P (1) 


The absorption correction f'(x) for particles is the Yakowitz-Newbury thin film equation!! 


Pre te e/a d Gra (2) 


The absorption correction cquation for the semithin film case yields intuitively reasonable 
results hecause the f(x) is calculated as an influence factor and is usually near unity 
(which is required by the form of this equation). ‘The form of the modified atomic number 
correction is not adequate because the P factor calculated from the Philibert-Tixicr 
equation is not an influence factor and is never near unity. Therefore, the P' value that 
is calculated is nearly always too large in the semithin particle. There is a problem with 
the form of Tig. (1), but the idea of providing a correction between the two boundary con- 
ditions of the thick and thin atomic number correction seems sound, and a new form of the 
equation for the semithin case has been implemented. 

To alleviate the problems associated with using specific P factors, we developed a new 
atomic number correction factor I''(s) based on a linear equation of thick and thin influ- 
ence factors for the atomic number correction. The atomic number correction factors for 
all elements in a sample are calculated as if the entire sample were a thin section Z(thin), 
and a second set of factors are calculated as if the sample were a thick flat specimen 
Z(thick). A linear equation of the two correction factors is then applied to the sample 
based on the thickness to electron range ratio: 


F'(s) = (z/2_)Z(thick) + [1 - (2/z,.)|Z(thin) (3) 
In the case of pyrite, 


Z(thick) = fee = 0.886 (4) 


Fe(s)/'s (te) 
Z(thin) = P(S)/P(Fe) = 1.61 (5) 


and for the pyrite semithin case where 2/2, = 0.1 then, 
Fos) =: (01 O02 886) + (009. F 146))-42. 1553 (6) 


Equation. (3) meets the boundary conditions for the particles, as does bq. (1), but it 
also gives reasonable values in the semithin case. Although there is no theoretical jus- 
tification for a linear correction between the thick and thin atomic number corrections, 
tests between this model and a numerically integrated model show that the deviations 
resulting from nonlinearitics are usually less than 10% relative./ 

The specific electron range equation that is used in the FRMRUN program is that pre-_ 
sented by Philibert and Tixier and includes the calculation of the logarithmic integral.* 
This equation requires a calculation of the sample density for particle samples. Since 
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most of the samples that are analyzed in our laboratory are oxides, a table of density for 
oxides of the elements is included in the program. Use of this table tends to underesti- 
mate the densities for metals and sulfides by about 25%, and additional tables for density 
should be added as needed. 

The absorption correction that is employed in FRMRUN is that of Yakowitz-Newbury 
(Eq. -2)-and 15 jmp lenenbee as described in Ref. 9. The Philibert absorption term f(x) is 
used throughout.'* The fluorescence correction that is used is modeled after the absorp- 
tion correction, with f(x) replaced by the fluorescence influence correction from FRAME 
fe.'° This approximation is empirical and is used without a specific test of its accuracy. 
The fluorescence effects should decrease faster than the absorption effects and therefore 
tend to be overcorrected by this equation for small particles. However, for most of the 
samples that we analyzed, fluorescence was a second-order effect and did not play a major 
role in any of the corrections. 


Background and Peak Fitting 


The calculation of the bremsstrahlung for a particle on a substrate is not trivial. 

In general, theoretical programs for background modeling tend to overestimate the absorp- 
tion effects for particles and usually do not produce a calculated model that fits the 
spectrum very well. Digital filtering techniques can be used to remove the background and 
avoid this limitation, but the most popular model (top-hat digital filter!) always pro- 
duces systematic errors in the region of the background under the overlaps of the Mg, Al, 
and Si peaks. Since the majority of the samples that we analyze are silicates, the digital 
filter technique is not acceptable. 

The procedure that is used in FRMRUN involves the calculation of a theoretical back- 
ground for the particle on the initial assumption that it is infinitely thick. A stored 
spectrum of carbon, collected at a specific beam current that has been processed to remove 
self-absorption effects, is used as a model of detector efficiency and dead layer thick- 
nesses. Absorption effects in the regions of interest are then calculated for the sample 
with the Philibert absorption correction.!* This calculated background spectrum is then 
used in linear combination with the substrate spectrum and the calculated background is 
fit to the particle spectrum by the TWIST procedure. !° 

The linear combination of the two spectra is used because part of the background is 
produced by the substrate and part by the particle. The contribution of each background 
spectrum that is used is determined by the concentration summations of the elements found 
in the particle compared to standards collected at the same beam current. For example, a 
Silicate particle that is 0.5 um in diameter may have an unnormalized summation of 17% 
when compared to the standards; thus 17% of the calculated background for the spectrum 
would be added to 83% of background for the substrate and the resulting background fit to 
the sample at three background points. This type of background calculation is rapid and 
produced a good fit for all samples tested from small particle (down to 0.1 um in diameter) 
to thick flat samples.!° 

Peak fitting is performed by a simplified least-squares method. Stored standard spec- 
tra for each element are stripped of background and overlapping peaks. The window inte- 
grals of the elements of interest are measured at the FWHM of the peak, back corrected for 
ZAF effects, and stored in a matrix (A) of m standards by m "pure element’ window inte- 
grals. For stable detector systems, where the peaks shift less than a few electron-volts 
from day to day and the overlapping elements to be deconvoluted do not overlap above the 
FWHM level of the peaks, the following linear equations may be used. The peaks in the 
sample of interest can be treated as linear combinations of pure element intensities 
scaled by the ZAF k-values; thus, for a matrix of the window integrals (B) from m elements 
of interest in the sample, 


(Aj ek) = CB) (7) 


where (k), the matrix of k-values for the sample, is the quantity that is desired. By 
inverting the matrix (A) we can obtain the matrix (k) by matrix multiplication; 


(k) = (B) + (A)7} (8) 
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Although the inversion of the matrix is slow, the calculation needs to be done only 
once for any given set of standards. The matrix multiplication on the other hand is 
rapid (a few seconds for a 10 x 10 matrix) and yields k-values for the sample that have 
been deconvoluted and stripped of other spurious peaks or tails that are normally present 
in EDS spectra (such as incomplete charge collection and escape or sum peaks). Particles 
made from a wide variety of standard materials were then analyzed to test these new cor- 
rection procedures. 


Experimental 


The FRMRUN program was developed in BASIC on the PGT 1000 system; a complete listing 
with manual is given in Ref. 10 and is available from the authors. Data were collected on 
a JEOL JSM-35C scanning electron microscope and an EDS detector with a fixed 35° take-off 
angle. Homogeneous mineral samples from the ASU electron microprobe collection were pre- 
pared according to procedures described in Ref. 16. Albite, pyrite, titanite, rhodonite, 
orthoclase, olivine, and anorthite were used. All standards were characterized prior to 
crushing by wet chemistry or by electron probe analysis against other well-characterized 
standards and each standard met the Goldstein criterion for homogeneity. ?!7 

The particle samples were analyzed against simple oxide standards, or as simple a 
standard as was possible. The standards used in all cases were: Na from albite, Mg from 
synthetic MgO, Al from corundum, Si from quartz, S from sphalerite, K from orthoclase, Ca 
from anorthite, Ti from rutile, Mn from synthetic MnO, and Fe from synthetic Fe 03. The 
standards data that were used for the analyses presented here were collected three months 
prior to performing these particle analyses. A thick flat standard of Kakanui hornblend 
was analyzed against these standards daily to see if the spectrometer had drifted. Typi- 
cally, standards data were only collected every 6 months. 

Particles with diameters ranging from 0.1 up to 20 um were analyzed at 15 kV according 
to the optimizing procedures developed by Armstrong!® and then processed by FRMRUN. Par- 
ticle thicknesses were estimated from the measured particle diameters. A relative error 
histogram of the results of 395 data points from 150 particles is shown in Fig. 1. Only 
measured elements with concentrations above 5% were included in the histogram. The data 
show that analyses for 65% of the elements in the particles have relative errors of less 
than +3.5% and 95% of the data points fall within +7.5% relative to the true values for 
the minerals as determined by wet chemistry. 

A sample output from FRMRUN is shown in Table 1 for the analyses of two particle types, 
albite and pyrite. The calculated density p for the sample is printed together with the 
measured k-value, a normalized k-value (uncorrected), the normalized ZAF correction for 
‘the particle if it is treated as a thick flat sample, the normalized correction for the 
particle if it is treated as a true thin film, and finally the normalized calculation 
based on Eq. (3), called the mix calculation. The atomic proportions on which stoichiom- 
etry may be based are also. presented in the particle correction output. 

The range of the results between the thick and the thin limiting cases give the analyst 
a feeling for the amount of variation that can occur if the particle thickness is not 
estimated correctly. The values from the mix calculation are the only ones that should 
be used; the other values are just printed for information or for other calculations. 

The results of the analyses of nearly five hundred particles are presented in Table 2 
and are grouped so that the errors in the calculations for the small particles (<<1 um) 
can be evaluated separately from particles larger than 1 um. All particles were analyzed 
for eleven elements, but concentrations below 0.1% are not printed. The programs, written 
in BASIC, required 3.5 min for the completion of an analysis of the eleven elements. 


Conelustons 


A simple method for the rapid quantitative analysis of small particles has been pre- 
sented. The method includes a new form of the equation for a semithin atomic number 
correction and describes a method for calculating the background for thin particles 
mounted on a substrate. In most cases the analyses are within 10% relative of the correct 
values, and in all cases the precision of the analyses is better than 10%, The small 
particle analyses all show larger precision errors than the large particles, which can be 
attributed to counting statistics and errors in the thickness measurements. In all cases 
the numbers presented are significantly better than the numbers obtained from normalized 
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TABLE 1.--Typical analysis printout for two particles, pyrite and albite, by the FRMRUN 
minicomputer routine. 


Pyrite 
275 Thickness 0.4 um 
E® = 15 keV Psi = 35° Estimated Rho = 4.0 
norm thick? thinb particle® atomic 
Element k-value k wt% wt% wtZ prop 
s 0.0372 45.96 46.41 58.39 54.45 49.98 
Fe 0.0437 54.04 53.59 41.61 45.55 24.00 
sum® 8.77 
Albite 
290 Thickness 0.5 um 
E@ = 15 keV Psi = 35° Estimated Rho = 2.6 
norm thick? thin particle atomic 
Element k-value k wt % wt% wt% prop 
Na 0.0052 7.62 9.70 8.43 8.71 2.98 
Al 0.0066 9.74 9.54 10.05 9.94 2.90 
S 0.0225 33435. 32:20. 32.55 32.48 9.08 
0 --- 49.30 48.55 48.96 48.87 24.00 
sum® 9.22 


- Normalized FRAME ZAF correction 
- Philibert and Tixier P-factor correction (normalized) 
This work (normalized) 
- calculated by stoichiometry 
- Summation relative to a thick polished sample at the same 
operating conditions 
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FIG. 1.--Error histogram of relative error for 395 points from 150 particles for particle 
samples ranging from 0.1 to 20 um in diameter. Absolute numbers are printed above each 
histogram block. Only 18 points fall outside +9% relative error. 
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FRAME values or normalized k-values. It is evident from these data that the particle cor- 
rections that were used yield acceptable analyses for all particles tested. Considering 
the accuracy, ease of use, and speed, the FRMRW program provides a good method for routine 
particle analyses. 
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LIMITS TO QUANTITATION IN PARTICLE ANALYSIS: SOME EMPIRICAL DETERMINATIONS 
A. M. Isaacs 


It has. been undertaken to evaluate empirically the limits to quantitation in the x-ray 
energy-dispersive analysis of particles. The limits investigated here are with respect 
principally to particle size and secondarily to elemental concentration. Raw concentration 
data were obtained on unpolished particulate standard olivines under carefully controlled 
conditions in scanning mode in a JEOL 100CX. These data were reduced by the program DUST2, 
developed at Johnson Space Center as a FORTRAN version of the Armstrong ZAF particle cor- 
rection procedure. Errors for individual particle analyses were determined and then eval- 
uated as a function of grain size for each element in each standard material. Results 
indicate that very reliable analyses may be obtained over a range of particle sizes. The 
results also suggest that, in general, concentration level more critically constrains 
analytical accuracy for single particles than does particle size. 


Prevtous Investigatton 


The error associated with particle analysis by electron beam techniques has been widely 
discussed.!~!9 The several particle analysis procedures currently in use have been eval- 
uated for accuracy to varying degrees.! The study most directly applicable to this work 
is that of Aden who, using a reduction scheme different from ours and employing simple 
oxide standards, included a section directed specifically at analytical error as a function 
of ‘particles size.* Aden examined the error in analyses for Na, Al, and Si in albite and 
Fe in pyrite from many variously sized particles. However, only a few of the particles 
examined had sizes in the range of interest here, from a few tenths of a micrometer to a 
couple of micrometers. Aden also presents tabulated results on particles of these and 
five other minerals indicating the average analytical error for several dozen grains of 
each, divided into two groups, greater or smaller than 1.0 um in diameter.* His data 
indicate that slightly better overall analyses may be obtained on the larger particles. 
However, his plots for albite and pyrite show a strong degradation in analytical quality 
for particles smaller than about 1 ym in diameter, but the data are poorly constrained in 
that size range. 


Technique 


We intend to examine the limits of quantitation attainable in individual microparticle 
analysis using rapid and generally applicable techniques and data-reduction routines. Of 
particular interest is the probable breakdown in analytical quality for particles with 
diameters smaller than the electron range (about 1-2 um for 20 kV in most geological 
materials) and greater than the thin-film condition (100-200 nm}. Elemental x-ray inten- 
sities were obtained on standard particles with PGT energy-dispersive detectors and System 
TV analyzers on each of two JEOL instruments, a JSM-35CF and a JEM-100CX, under carefully 
controlled conditions at 20 kV. To date, only the data from the 100CX have been fully 
reduced; it is results from those analyses that are presented here. 

The standards used for this portion of the study are three forsteritic olivines, which 
serve as standard materials in this facility. Olivines require fairly large atomic number 
and absorption corrections for accurate analysis, but are free of peak overlaps. Olivine 
is therefore generally considered an excellent standard with which to test the Z and A 

The author, who is in the Planetary and Earth Sciences Department, MC C23, Lockheed at 
Johnson Space Center, Houston, TX 77058, is grateful to J. T. Armstrong and G. D. Aden 
for discussions and suggestions. The program DUST2 was adapted to FORTRAN by D. H. Ander- 
son of JSC. Supported in part by grant RTOP 152-02-40-26 from the NASA Planetary Materials 
Program to D. S. McKay at JSC. 
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TABLE 1.--Analyses of standard olivines used as dispersed particulate "unknowns" and thick, 
polished standards. 


Marjahlatti San Carlos Forsterite (syn.) 
Si05 40.30 40.51 42.70 
TiOs --- 0.02 --- 
Cr503 0.08 0.04 --- 
FeO 11259 9.38 --- 
MnO 0.29 0.16 --- 
MgO 47.45 48.74 57250 
CaO --- 0.07 --- 
NiO --- 0.46 --- 


TOTAL ooy oe. 99.58 100.00 


portions of the corrections. The compositions chosen, given in Table 1, are intended as 
an initial test of the procedures, and have now been expanded by the inclusion of other 
minerals. 

Particles of each standard, mostly smaller than 10 um in diameter, were dispersed on 
holey carbon films supported by Be grids and coated with a thin layer of carbon. A 
polished microstandard of each material was also prepared, similarly to microprobe stan- 
dards, but as part of a planchette compatible with the 100CX. Thus, for each material of 
known composition, x-ray data could be obtained from thick, polished mounts and also from 
unpolished particles dispersed on carbon films. This last aspect of sample preparation 
varies from many previous studies in that the thin carbon substrate used here produces a 
negligible bremsstrahlung contribution to the spectrum relative to that generated by the 
solid carbon substrates more commonly used. This feature is of particular importance in 
obtaining a high peak-to-background ratio on submicrometer particles where the generated 
flux of characteristic x rays is small. 

Several instrumental conditions should be noted here. First, the LOOCX instrument 
employed has a horizontal detector which requires that the sample stage be tilted to 
achieve a line of sight between the sample and the detector colimator. Second, the 
detector axis is 45° from the stage tilt axis, not the 90° common in many SEMs. Both 
these factors complicate the determination of an appropriate x-ray take-off angle.!1;14 
An optimized take-off angle must thus be used, whereas in an instrument with a horizontal 
sample and a fixed, high take-off angle detector, the physically measured value is most 
valid. The input take-off angle is held constant throughout each set of calculations, 
but it is apparent that as particle size and shape vary, with electron mange held constant 
(constant accelerating potential), the effective take-off angle may vary. Since the 
absorption correction depends on the average take-off angle, the resulting analysis is 
affected. This aspect has been effectively tested by Aden who has shown that analyses 
from intensity data reduced by use of an extreme range of take-off angles vary generally 
by no more than 10%.* These relative errors were determined with a different correction 
program, but his results appear to be consistent with our own. Therefore, any empirically 
derived optimum take-off angle can be only a best-fit value if data are to be reduced for 
a variety of particle shapes and sizes. 

Beam current was standardized in the 100CX by the use of a Faraday cup modification 
to the end of the backscattered electron detector immediately above the sample plane. To 
minimize incident current and take-off angle variations among the particulate samples and 
the polished standards, all intensity measurements were collected with the sample at the 
focused, eucentric position, an easily reproducible condition. Accelerating potential was 
determined by measurement of the Duane-Hunt bremsstrahlung limit. Detector and sample 
geometry and spectral collection conditions were standardized and reproduced for each data 
set. Particle data were collected with a rastered beam, and mean particle diameter was 
measured in the plane containing the incident beam and the detector axis. Finally, our 
100CX instrument has been modified and found to be spectrally clean through pacer peret ron 
of the column and sample environment alterations suggested by Allard and Blake. 
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Raw elemental peak intensities were obtained from x-ray spectra on particles following 
a simple linear-fit background subtraction. Two 100s count spectra were collected on each 
particle and treated as separate analyses, rather than being averaged. Particles up to 
several micrometers in diameter of each of the three materials were analyzed, particularly 
in the size range of 0.5-1.5 um. The standard intensities were obtained under conditions 
identical to those for the particles, except that multiple spectra were averaged. 


Data Reduetton 


The program employed for data reduction is an in-house modification of Armstrong's 
ARMST1 program for the quantitative x-ray analysis of individual microparticles. ?>! The 
program uses theoretically derived equations to correct for atomic number, absorption, 
and fluorescence effects in rough particles of an input mean size and approximate shape.!° 
ARMST1 uses essentially the FRAME C correction procedure!®>!’ modified by particle geometry, 
with a recent upgrade in the expression for x-ray production depth in the sample.* Our 
version, DUST2, is an RSX FORTRAN translation of ARMST1 from the original HP BASIC. DUST2 
is also user-interactive, in that almost all variables in the reduction process may be 
modified in real time. A typical analysis with four elements and four iterations for 
convergence requires about 15 s for processing on our PDP 11/45. The necessary CPU time 
is therefore negligible compared to the analysis time involved. This program is available 
from the author upon request. 


Results 


Results of the particle analyses are given on the plots of elemental relative error 
versus particle size which follow. For all of these plots, the polished Marjahlatti 
olivine served as the analytical standard. Initially, a subset of the particle data was 
reduced by use of each of the five particle shape subroutines (Models) in DUST2, so as to 
determine empirically which of the geometries best approximated the mean particle shape 
over the range of sizes of these olivines. This test with a known particle composition 
for the best-fit model is probably a necessary precursor to the analysis of an unknown 
when one is uSing a geometry-approximating correction. Once the best model is determined, 
the full data set may be reduced. 

Previous tests of this process have shown that most mineral fragments are best reduced 
by one particular model. For these cleavage-free olivine particles, however, geometry 
Model 4 (for particles with rounded tops and straight sides) and Model 5 (for particles 
with rounded tops and curved sides) gave analytical results of very nearly the same 
quality; both were better fits than the other models. Figure 1 is an example of the 
former case and Fig. 2 gives the latter. A comparison of these two plots shows that 
Model 5 data are shifted to slightly more negative values, but do not show a significantly 
greater spread of error than those of Model 4. Because this close similarity is consis- 
tently encountered, only results based on Model 4 will be given in the figures which follow. 

It was anticipated that the errors for submicrometer particles would show a strong depar- 
ture from the trend of errors for larger particles, and therefore a greater sample was 
obtained for 0.5-1.5um particles. However, Figs. 1 and 2 show that although a decrease 
in analytical quality is evident in submicrometer particles, it is at worst a doubling of 
the relatively small error (about +3% maximum) for larger particles. For both of these 
data sets, about 76% of the analyses have errors less than +2% relative and about 95% have 
errors less than +4% relative, which is very good for particle analysis and is probably 
due to the high Mg concentration and the standard composition being identical to those of 
the particles, following the method of Armstrong.* The magnitude of the error is similar 
to that of Aden, 2 who gives a mean relative error of +3.8% for submicrometer particles 
and +2.0% for larger particles of a forsteritic olivine. 

The results for Si and Fe analyses on the same set of particles are given in Figs. 3 
and 4, respectively, which show trends not evident in the previous plots. Figure 3 indi- 
cates (a) that the analytical error for Si increases substantially for submicrometer 
particles, and (b) that the correction procedure produces results that are systematically 
high and yield a predominance of positive relative errors. For Fig. 3, 71% of the errors 
are within +2% relative and 95% are within 14% relative of the true value. Figure 4 
again shows a clear systematic error to positive relative values. With only 25% of the 
analyses showing errors within +2% of the true value and 47% within +4%, this is a marked 
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FIG. 3.--Analytical error for Si in individual FIG. 4.--Analytical error for Fe in individual 
particles of Marjahlatti olivine vs size. particles of Marjahlatti olivine vs size. 


decrease in analytical quality, most likely due to the much poorer counting statistics on 
Fe in low concentration at 20 kV than for the other elements, combined with the systematic 
error. However, there is no obvious decrease in the error spread at the larger diameters 
based on the measured sample. Again, these relative errors are consistent with the data 
of Aden,* who found mean errors for Fe in olivine of -8.3% relative for submicrometer 
particles and -4.7% relative for larger particles. 

Figures 5, 6, and 7 are analyses for Mg, Si, and Fe, respectively, on particles of 
San Carlos olivine, and show trends similar to those observed in the previous plots, which 
suggests that the types of errors observed are not specific to one material but are inher- 
ent in the procedures. Figure 5 shows no significant systematic error for Mg analyses, 
Fig. © shows generally positive relative errors for Si, and Fig. 7 has a strongly defined 
trend to positive errors. For the San Carlos data the sample is not large enough to define 
a change in the error as a function of size for particles larger than 2 um, although there 
is no significant variation among the smaller particles. Generally the errors at the +4% 
level are similar to those in the previous data set, with inclusion of 100% of the sample 
for Mg, 91% for Si, and 37% for Fe. 

Figures 8 and 9 of the errors for forsterite analyses have equal but opposite trends 
with respect to each other. The errors for both Mg and Si increase for smaller particles, 
with the Mg analyses increasingly below the correct value and the Si data tending to 
higher values. At the +4% relative level, 96% of the Mg analyses and 79% of the Si anal- 
yses are included. 


Conelustons 


The preceding data indicate that the techniques employed can routinely produce reason- 
able analyses on micrometer and smaller particles, particularly for elements present in 
concentrations greater than about 10%. There are several probable sources of error in 
these analyses, including systematic errors in the correction procedures, the take-off 
angle problem associated with particulate analysis, inaccurate background subtraction, 
counting statistic problems inherent in the EDS analysis of small particles, and other 
causes. 

As to systematic correction errors, it has been established that DUST2 is identical 
to FRAME C and nearly equivalent to Bence-Albee data reduction for bulk samples. However, 
this result does not test for systematic errors in the particle geometry portion of the 
program. This work is also the first epplecacson of Armstrong's corrections directed 
specifically at submicrometer particles.'® The most likely cause for the systematic errors 
observed is in the correction procedures, although this interpretation should be evaluated 
in greater detail. 

The inaccuracy of the take-off angle used in data correction is unavoidable in anal- 
yzing particles, as that quantity is largely unknown, and variable as a function of parti- 
cle size.! However, its effect is probably limited, as previously discussed. The geometry 
of the 100CX used to obtain these data is certainly not ideal; the data set collected in 
the SEM should show improvements, if only because of its conventional sample-detector 
arrangement. 

Probably a major contribution to error is inaccurate background subtraction, which is 
critical for particle analysis.* This feature is also being improved with future data 
sets. Poor background subtraction is especially likely to introduce greater error for 
data from smaller particles with their lower peak-to-background ratios. The root cause 
of this effect is that as particle volume decreases, the mass of material generating 
characteristic x-rays decreases, a relationship that becomes a particular problem when 
EDS is used as the quantitative technique because of the low intensity of spectral lines. 
Poor counting precision because of low characteristic x-ray intensity from the particle 
should tend to increase the scatter in relative errors at smaller diameters, an effect 
observed especially in Fig. 3. More, typically though, the spread of error does not 
appear to vary greatly as a function inverse to particle size (as in Fig. 4), which 
suggests that the level of concentration of an element of interest in a particle more 
critically controls the attainable accuracy than does particle size. Since relative 
error increases with decreasing elemental concentration, accuracies should be enhanced 
for minor elements in particles by increases in count rates and counting times, averaging 
of particle analyses if of identical composition, etc. Finally, the use of increasingly 
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dissimilar standards is likely to decrease the attainable accuracy in particle analysis 
by more strenuously testing the correction procedures. This effect is also currently 
being evaluated. 
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FABRICATION OF METALS AND METAL ALLOYS AS PARTICLE STANDARDS 


J. A. Small, J. A. Norris, and R. L. McKenzie 


For the past several years the micro- 
analysis group at the National Bureau of 
Standards has maintained a program for the 
development of microanalytical standards. ! 
The primary materials used for these stan- 
dards are multielement glasses made from 
high-purity metal oxides and halides. In 
an effort to extend the use of these stan- 
dards to individual particle analysis, the 
glasses have been formed into fibers, ir- 
regular particles, and spheres.*7* The 
fibers are extracted from a melt by a high- 
speed rotating drum and are limited to 
diameters generally greater than 5S um. 

The irregular particles are made by grinding 
of the bulk glass in a carbide mortar and 
pestle and the spheres are formed by heating 
of the ground shards. 

Recently, in studying the mechanism of 
FIG. 1.--Micrograph of spark interaction analyte excitation in spectrochemical anal- 
zone on analyte material. ysis, it was noticed that the spark of the 
emission spectrometer very efficiently 
produced particles in the S5nm-10um range. 
This process may be suitable for the pro- 
duction of particle standards, since it 
produces a large number of pure metal or 
metal alloy particles with a broad size 
range. Since the particles can be produced 
in large numbers, they can be used as par- 
ticle standards for both micro and bulk 
analytical techniques. 

The spark interaction area on the ana- 
lyte, shown in Fig. 1, produces two basic 
types. of particles... Particles of the first 
type are probably formed from condensed 
vapor and are 5-10 nm in diameter (Fig. 2). 
These particles usually form large aggre- 
gates and are crystalline. Particles of 
the second type, an example of which are 
shown in Fig. 3, are probably formed from 
molten analyte material expelled from the bulk sample. The particles are spherical in 
shape, range in size from 100 nm to about 5 um, and are polycrystalline. 

The particles are removed from the spark region in an Ar stream. They are prepared 
for analysis directly on thin films supported by transmission electron microscope grids. 
The collection is made with an NBS-designed electrostatic/thermal precipitator. In addi- 
tion, the sampler can be equipped with a backup filter for additional particle collection. 

To test the utility of this approach for fabrication of standards, we are testing 

The authors are at the Center for Analytical Chemistry, National Bureau of Standards, 
Washington, DC 20234. 


FIG. 2.--Micrograph of type one particles. 
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particles formed from binary alloys of 
known composition. The homogeneity and 
final composition of the particles will be 
compared to the composition of the starting 
materials. 
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9 
Microbeam Analysis in Biological Science 


PEAKLESS CONTINUUM: INACCURACIES IN BIOLOGICAL QUANTIFICATION BY MEANS OF THE ANALYTICAL 
MICROSCOPE 


R. R. Warner, M. C. Myers, and D. A. Taylor 


The Hall technique for quantitative analysis of thin biological samples requires accurate 
measurement of continuum x rays originating from the sample. Since the EDS detector col- 
lects continuum from a number of additional (nonsample) sources, these sources must be 
identified and either eliminated or their contribution quantified. We report a previously 
unappreciated source of extraneous radiation, the peakless continuum, which can be a major 
problem for biological quantitation in analytical electron microscopes. This continuum 
varies in magnitude across the available area of a specimen grid. We are developing a 
procedure to minimize the effects of this extraneous continuum on analytical measurements 
and report initial attempts to identify and eliminate the source of this problem. 


The Hall Technique 


The Hall continuum-normalization method'’* is the technique most frequently used for 
quantitative analysis of thin biological samples. In spite of its popularity, proven 
accuracy*®’" and potential simplicity,’ it remains a difficult and demanding technique to 
use correctly. The unwary user can easily obtain results that are inaccurate but give no 
indication of underlying analytical problems. In the Hall continuum-normalization method, 
element concentrations C are obtained from element x-ray intensities I by use of the equa- 


tion” ; 
. 4g MIN 5 
sp Ci/Iw),,(@77A),, “st 


In this equation, subscripts sp and st refer to the specimen and standard, respectively, 
Iw is the continuum x-ray intensity (bremsstrahlung) from the sample integrated over a 
given energy range, and Z*/A is the mass fraction average (for all elements within the 
analyzed volume) for the ratio of atomic number squared over atomic weight. 

Most difficulties with the Hall technique occur in obtaining accurate measurements of 
Iw. Iw represents the continuum that originates from the sample only, whereas the con- 
tinuum measured by the EDS detector may originate not only from the sample but from ad- 
ditional (extraneous) sources as well. The sources of extraneous continuum must be ident- 
ified and either eliminated or their contributions subtracted. Identified sources of ex- 
traneous continuum for which there are established correction procedures are the under- 
lying support film,’ contamination at the point of analysis,°’” and electrons scattered 
by the sample which generate x-rays from surrounding metallic surfaces (e.g., grid bars). 
It is easy to detect this last component of extraneous continuum by the presence of the 
associated extraneous element peak in the spectrum. We refer to this component as the 
"neak-associated" continuum. 

We believe there are sources of extraneous continuum in an analytical electron micro- 
scope in addition to those mentioned above. These other sources contribute in a major 
way to the continuum recorded by EDS detectors. We show that additional extraneous sources 
can severely limit the accuracy of biological quantitative measurements. 
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Peakless Continuum 


In a quantitative analysis for sulfur in sections of human hair &we observed 
consistent structure-associated differences in sulfur concnetration in a single 


The authors are at Procter and Gamble Co., Box 39175, Cincinnati, OH 45247. 
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hair section but a large variation in 
concentration among different sections. 
Initially we attributed the scatter in 
these numbers to biological variation. 
However, we discovered an alternate ex- 
planation for this variability when we 
successfully reduced our peak-associated 
extraneous continuum by switching from 
conventional EM mesh grids to slot grids 
(in which bulk metal is further removed 
from the sample). With slot grids we 
noticed that the continuum intensity 

was a strong function of the section 
location within the slot. The peak- 
associated extraneous continuum was not 
responsible for this pattern; removal 

of extraneous peaks and their associated 
continuum by established correction pro- 


FIG. l--Spectra from 0.75 m Al foil mounted on cedures*’? had little effect on the ob- 

nickel grid and analyzed at a position proximal served variation in the continuum. We 

(lower trace) and distal (upper trace) to de- have defined this non-peak-associated 

eector along: longidkis OF slot. grid. extraneous radiation as "peakless con- 
tinuum." 


We investigated the pattern of this peakless continuum using Formvar films or thin 
foils (aluminum or silver) mounted on a nickel slot grid (1 x 2 mm). The grid was posi- 
tioned for analysis with the long axis of the slot aligned in the direction of the detec- 
tor (projected in the horizontal plane). Aluminum and silver foils were obtained from 
Reactor Experiments, San Carlos, Calif. Analysis was at 100 kV with a high-angle detec- 
tor; the continuum was integrated over the energy ranges of 4 to 7 keV and 10 to 20 keV. 

In our instrument the variation in continuum intensity occurred in the direction par- 
allel to the (projected) detector axis; variation was not observed perpendicular to the 
detector axis. The magnitude of the continuum variation was a function of the electron 
scattering properties of the foil. The variation in continuum intensity was greatest with 
the silver foil and not detectable with a Formvar film. The silver Ka peak/continuum ratio 
(I/Iw) on a homogeneous silver foil (0.15 um) varied from 13 at the analysis position most 
proximal to the detector to 2 at the most distal position. Similar results with an alumi- 
num foil are shown in Fig. 1, which shows that the aluminum Ko peak intensity was approxi- 
mately the same in the two locations, but the continuum, corrected for extraneous peak- 
associated contributions (not shown), varied by a factor of 4. This observation explains 
our results on hair. Since hair sections are small with respect to the available slot grid 
area, consistent results were obtained on any one section, but variability was observed 
among different sections depending on their position on the grid. 

In addition to making measurements on our instrument, we tested several other analytical 
microscopes (having a variety of detector geometries) for peakless continuum. The peakless 
continuum was most apparent in instruments having high-angle detectors (Fig. 2). The spec- 
tra in Fig. 2 were obtained from the same sample (a 0.15um silver foil) at approximately 
the same analysis position and under similar analytical conditions. The upper spectrum 
was obtained with a high-angle detector and the lower spectrum with a horizontal detector. 
The lower spectrum is similar in shape to that which would be predicted from theoretical 
models,’ whereas the upper spectrum shows an abnormally elevated continuum in the high- 
energy region. 

Although horizontal EDS detectors appear to have fewer problems with extraneous back ~ 
ground than the high-angle detectors, it would be incorrect to conclude that horizontal 
detectors have no problems. We have noticed significant changes in the shape of the con- 
tinuum measured from opposite sides of a homogeneous foil using a horizontal detector. 
These changes suggest a difference in absorption or a difference in the target(s) seen by 


the detector at the two sites. 


Sources of the Peakless Continuum 


We believe at least two sources contribute to the peakless continuum: hard x rays and 
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FIG, 2.--Spectra from a 0.15um Ag foil mounted 
on nickel grid and analyzed at 100 kV in two 
different analytical microscopes. Analysis 
was on distal edge of foil in both cases. Up- 
per spectrum obtained with high-angle detector; 
lower spectrum obtained with detector with 

low take-off angle. 


backscattered electrons. Hard x rays 
can pass through the detector window 

or snout and produce continuum either 
directly or by Compton scattering. ° 
This effect may be greater for high- 
angle detectors that are more exposed 
to column-generated hard radiation. 
However, based on the shape of our 
continuum, we believe that it is back- 
scattered electrons that generate the 
bulk of the peakless continuum present 
in our instrument. Backscattered elec- 
trons from the specimen area or from 
the lower objective pole piece can be 
swept toward the detector, particularly 
a high-angle detector, by the magnetic 
field of the objective lens. These 
electrons can directly enter the detec- 
tor or can generate continuum x rays by 
interacting with low-Z elements (carbon 
and beryllium) typically used by instru- 
ment manufacturers to reduce system 
peaks. 


Sotutton to the Peakless Continuum 
Problem 


The ideal solution to the peakless 
continuum problem is to identify and 
eliminate the source(s) of extraneous 
radiation. This has proven to be a 
nontrivial task. We have improved our 
detector shielding® and are modifying 
(with the manufacturer's help) our an- 
ticontamination device and the lower 
objective lens pole piece. It may not 
be possible to eliminate peakless con- 
tinuum completely; consequently, we are 
developing a software approach that we 
believe will minimize the problem.” 

The Hall procedure is a ratio technique 
that by nature is very forgiving of 
additive errors. If errors in the 
continuum measurement are similar in 
the sample and standard, they will tend 
to cancel. If appropriate external 
standards are applied to (and sectioned 
with) the sample, the mass thickness of 


the sample and standard will be similar and will have equivalent electron scattering proper- 
ties. In addition, the spatial juxtaposition of sample and standard will minimize the ef- 
fect of the inhomogeneous distribution of the peakless continuum across the slot grid. 


SUMMALY 


We have demonstrated the existence of extraneous continuum that is distributed inhomo- 
geneously across the available area of a slot grid and is not associated with an element 
peak. This peakless continuum exists in most of the analytical microscopes we evaluated 
and can compromise the accuracy of quantitative measurements by the Hall technique. The 
problem most likely arises from a number of sources but can be eliminated or minimized by 
improved detector shielding, improved objective polepiece and anticontamination device de- 
sign, and the use of appropriate procedures for sample analysis. 
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BREMSSTRAHLUNG PRODUCTION IN THIN SPECIMENS AND THE CONTINUUM NORMALIZATION METHOD OF 
QUANTITATION 


W. A. P. Nicholson and J. N. Chapman 


Most schemes for the reduction of x-ray spectral data to give elemental concentrations in 
thin specimens are based on the fact that the characteristic line intensity is proportional 
to the number of atoms of the element in the volume of the sample excited by the beam. 
Evidently variations in the characteristic intensity can reflect changes in both the 
specimen thickness and density, i.e., mass-thickness variations as well as changes in 
composition. The continuum normalization (C-N) or Hall method°?-® seeks to eliminate the 
effect of mass-thickness variations by use of the intensity of some region of the brems- 
strahlung, since this parameter depends on the total number of atoms excited by the beam, 
i.e., the total mass-thickness. Thus, the ratio of the characteristic to bremsstrahlung 
intensities is approximately independent of mass-thickness and proportional to the atomic 
fraction of the element. For microanalysis of thin specimens the mass fraction is a more 
usual measure of the elemental concentration; it can be defined as 


‘ : M 
rp = Mass per unit area of element x in beam _ xX (1) 
x total mass per unit area in beam My 
The characteristic count a is proportional to M: 
P= KM, (2) 


where Ky, is a constant. In his development, Hall? uses Kramer's 1923 theory of bremsstrah- 
lung production, which predicts that the bremsstrahlung intensity will be proportional to 
DyNrZy* (providing the energy band of the bremsstrahlung is not close to the electron 
energy), where N,. is the number of atoms/unit area and Zy is the atomic number of element 

r in the sample, and the sum is taken over all r elements in the sample. a can be 
written in terms of M,: 


2 _ 2 
EN) Zy” = NoM.E(FyZ,°/Ay) (3) 


where Ng is Avagadro's number, A, is the atomic weight, and Fy, is the mass fraction of 
element r, so that the bremsstrahlung count can be written 


= 2 
B= KM E(FZ7/A,) (4) 


and P/B is hence proportional to F,. If we divide Fq. (2) ‘by Eq. (4) 


M K,P 


en ca a 
Pe ~ M, KB (FZ, /Ay) (5) 


The constant K,/K, can be eliminated by measuring the peak to bremsstrahlung ratio for x 
on a standard CPF B)Ses so that: 


(P,/B) sp [2 (F.2,°/A,) ]sp 


ae (P| /B)st Teg 24/4) ist Re (6) 


The authors are at the Department of Natural Philosophy, University of Glasgow, 
Scotland, G12 8QQ. 
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where F, is the concentration of the element x in the standard and the external suffices 

of the sums, sp and st, refer to the specimen and the standard, respectively. The equation 
may be rearranged to eliminate the quantities F, in the specimen which are unknown, pro- 
vided characteristic lines of all the elements in the sample are detectable. In biological 
samples that is not usually the case as the matrix contains carbon, oxygen, nitrogen, and 
hydrogen. However, if an aosumpcson is made about their relative propor stone: then the 
(Fy)sp can still be eliminated. Evidently if the mean value of Z“/A is the same for the 
specimen and the standard as is often the case when organic standards are used, Eq. (6) 

can be much simplified: 


P/F, = (P,/B)spl/((P,/B) st] (7) 


The inaccuracies that may arise in quantitative analyses of biological specimens by 
the C-N method fall into three groups: (1) limitations in the basic theory, (2) difficulty 
in extracting the peak and bremsstrahlung intensities due to the specimen from the recorded 
spectrum, and (3) limitations imposed by changes in mass of specimen under the beam. The 
last effect can be due to contamination increasing the total mass under the beam, radiation 
damage decreasing the specimen mass, and inadvertent changes in the state of hydration 
during analyses of frozen hydrated specimens. These topics will not be considered further 
here, but the interested reader is referred to recent reviews.©78>1% We shall consider 
the help basic x-ray theory can give in estimating the likely magnitude of the errors in 
areas 1 and 2. 


Bremsstrahlung Produetton tn Thin Spectmens 


We have investigated a number of theories of bremsstrahlung production to find a for- 
mula, suitable for evaluating in a minicomputer, which would accurately predict x-ray 
production in thin specimens.* The definition of “thin" implies that the average energy 
lost by the electrons as they pass through the specimen must be small compared to their 
incident energy. Comparison with experimental spectra showed that a modified form of the 
Bethe-Heitler theory (MBH) predicts the bremsstrahlung shape well (better than 5%), and 
predicts the absolute magnitude with an average error of about 10% for the ranges inves- 
tigated; viz., electron energies 40 to 100 keV, photon energies 3 to 16 keV, and atomic 
numbers 6 to 79. 

Figure 1 shows how the reduced cross section for bremsstrahlung production o'' varies 
theoretically and experimentally with x-ray energy for aluminum. We obtained o' by multi- 
plying the true cross section by hvT,/Z*, where hv is the photon energy and Ty that of 
the incident electron. From Kramer's theory o' would be constant, but as Fig. 1 shows 
MBH predicts that it decreases with increasing hv and Tg. The experimental data show 
that this prediction is borne out in practice. The spectra were recorded from a 60nm- 
thick aluminum foil in a JEOL JEM 100C transmission electron microscope with the specimen 
tilted at 20° toward the x-ray detector and the detector axis normal to the electron beam 
(90° geometry). Before experimental values of o were calculated extraneous contributions 
were removed from the recorded spectra in the way described in the remainder of this paper. 
Aluminum was selected as the example here because its atomic number (13) is in the range 
normally found in biological specimens, since Z = 6 for soft tissue and = 15 for fully 
mineralized tissues. 

Figure 2 shows the bremsstrahlung data presented in a different form--o"' as a function 
of atomic number for several electron energies and x-ray energies. It can be seen that 
the Z* dependence assumed in the C-N quantitation is most closely followed at higher elec- 
tron and photon energies. To evaluate the magnitude of errors that could occur in prac- 
tice, we have taken as an example (possibly a worst case) the analysis of low concentra- 
tions of calcium in an organic matrix (Z = 6) for which enamel (mainly hyroxyapatite, 

Z = 15) is used as a calcium standard. We have calculated the ratio of the bremsstrahlung 
intensities (B)sp/(B)st, predicted by MBH and Kramer's law for photon energies similar to 
those which have been used in practice for C-N, i.e., 1.5 keV,+3 5 kev,!9 15 kev,?21! 

20 keV.2 The amount by which the calcium concentration is in error due to Kramer's theory 
in C-N is shown in Table 1. Providing the bremsstrahlung radiation is not monitored at 
low photon energies nor at energies too close to the incident electron energy, the z2 
assumption leads to modest errors. Hall and Werba? and Krefting et al.!° examined the 
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TABLE 1.--Error % in calculated elemental Z* dependence experimentally over the range 


concentration for specimen Z = 6 using stan- Z= 5 to Z = 35 and within their experi- 
dard Z = 15 assuming 2? proportionality for mental errors their conclusions agree with 
bremsstrahlung production. ours. 


Settee amr ninmmerepcmeiten mation nal 


Photon 


~  Bremsstrahlung Correettons 


Electron Energy (keV) Evidently, in the calculation of the 
ratio of peak to bremsstrahlung, the 
Se nn ene bremsstrahlung intensity used must be that 
originating from the specimen alone; i.e., 


Energy 


(keV) 20 40 60 80 100 the bremsstrahlung contribution from any 
_ foil supporting the specimen and from 
solid materials in the microscope sur- 

1.5 4.7 6.1 6.6 6,7 7,0 rounding the specimen must be evaluated 


and subtracted, so that in general 


5.0 


(B)specimen = (B)measured - (B)foil 


- (B)solids 


Some error is involved in measuring the 
xx «10.6 -5.1 -2,8 -1.7 foil contribution, since these measure- 
ments must be made on regions of the foil 
SS tay ee pT ee ee surrounding the specimen. For a typical 
specimen of 100 nm of soft tissue supported 
on a 50nm organic film, the bremsstrahlung 
intensity from the support film is about half that due to the specimen, since their den- 
sities and mean atomic numbers are similar. However, support foils are generally very 
uniform in thickness and so by averaging measurements from several different areas of foil, 
one can keep the error in this subtraction close to that due to counting statistics. 

Methods of minimizing the instrumental contribution to the measured x-ray spectrum 
have been discussed extensively in the literature.°»’,/% The essential features are (1) to 
insure by careful collimation that the incident electron beam is 'clean,' i.e., that there 
are insignificant numbers of electrons and x-rays peripheral to the main beam incident on 
the specimen; and (2) that the mass of solid materials both above and below the specimen 
(onto which electrons will be forward- or backscattered) which the x-ray detector can "see" 
is cut down to the minimum mechanically feasible and that these materials are of a low 
atomic number to reduce x-ray production.!? The principle of estimating the instrumental 
contribution to the measured spectrum requires the solid components to have a characteristic 
line which is detectable by the x-ray detector used for measuring the bremsstrahlung inten- 
sity, usually a Si(Li) detector. The procedure is to record a spectrum from the pure 
solid material under constant instrumental conditions, i.e., accelerating voltage and 
specimen-detector geometry. This solid spectrum is then scaled to the height of its 
characteristic line in the specimen spectrum and subtracted (Fig. 3). In practice we are 
usually only interested in the bremsstrahlung intensity integrated over a particular window, 
so that the solid correction can be made as a single scaling factor. The value of (B) foil 
should be corrected for the instrumental contribution in the same way. 

Usually the largest source of the instrumental bremsstrahlung is the specimen grid. 

By use of beryllium or carbon-coated nylon grids this source may be minimized and then 
ignored. However, it is much better to use a support of relatively low atomic number (e.g., 
aluminum, titanium, copper) for which the corrections can be calculated. The choice of 
metal is, of course, determined by consideration of what overlaps may occur with expected 
characteristic lines from the specimen. For example, aluminum would not be used if sodium, 
magnesium, or aluminum peaks were expected from the specimen. ! 

The assumption made in the correction procedure is that the solid bremsstrahlung shape 
is the same in the two cases; that is unlikely, since the pure solid spectrum will be 
recorded with mono-energetic electrons and the angle between the beam and the solid surface 
and the x-ray take-off angle will both be well defined. The stray instrumental contribu- 
tion to the specimen spectrum will be generated by electrons often multiply scattered 
through a range of angles and with a range of energies, so that the intensity and shape 
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of the bremsstrahlung when normalized to the characteristic line will only be to a first 
approximation the same as the pure solid spectrum. In unfavorable geometries, where a 
substantial fraction of the stray spectrum generated is transmitted to the detector 
through the specimen mount, absorption can severely affect the stray spectrum.®»!2 A 
simple method for demonstrating the success (or otherwise) of the solid correction proce- 
dure is to determine how well the resulting corrected spectrum represents a thin specimen; 
that is, by examining how well the experimental spectrum fits to that predicted by MBH 
when an appropriate scaling factor is applied. 

Curves for the reduced cross sections of all elements in the energy ranges of interest 
are of a form similar to those in Fig. 1 and it is possible to fit them with a quadratic 
equation to an accuracy of about 1.5%. The three coefficients are different for different 
atomic numbers, electron energies, and geometries (i.e., the angle between the incident 
electrons and the emergent x-rays); however, the latter two are generally fixed for an 
experiment so that it is simple to calculate the bremsstrahlung spectrum for a particular 
specimen if the mean atomic number of the matrix is known. In soft tissue samples this is 
the case and since the spectrum shape is only a weak function of atomic number it is only 
necessary to calculate the specimen bremsstrahlung once for all spectra recorded in an 
experiment. MBH predicts a continuous rise in intensity with decreasing photon energy, 
but in practice absorption in the x-ray detector window modifies the shape below about 
3 keV. By examination of spectra with no characteristic lines in the low-photon-energy 
range, the x-ray detector efficiency can be calculated and used to modify the shape pre- 
dicted by MBH to give the theoretical background. Figure 4 shows the close fit obtained 
to a Formvar spectrum corrected for the contribution due to the titanium specimen mount 
despite the large discontinuity in the solid spectrum at the titanium absorption edge. 

Because of the approximations in the solid subtraction procedure, it will be most 
successful when the solid correction is small. It is useful to estimate the magnitude of 
the error introduced into the C-N quantitation if the solid contribution is completely 
ignored. We normally measure the bremsstrahlung in an energy band centered at 12 keV and 
5 keV wide. In the microscopes in our laboratory (VG HB5 STEM and JEOL JEM 100C) the 
proportion of the bremsstrahlung originating from the instrument is generally less than 
10%, although it can be considerably higher if it is necessary to use fine mesh grids 
(e.g., 400 lpi) or measure close to the metal of the specimen support. Quantitative data 
showing the advantage of analyzing some distance from solid material, best achieved by 
use of single-hole mounts is given by Nicholson et al.!* From Eq. (6) it can be seen that 
if the proportion of the instrumental bremsstrahlung is the same in both specimen and 
standard, the result will be unaffected by the solid correction. However, in practice 
that is not always the case. If we choose again the example of a soft tissue matrix for 
the specimen and a mineral standard is used, we have observed values of 12% solid contri- 
bution for the standard and up to 25% for the soft tissue, which would lead to errors of 
up to 12% in the calculated elemental concentrations. 


Conelustons 


An examination of the theory of bremsstrahlung production in thin films shows that 
provided the mass of specimen and standard are not altered by contamination or radiation 
damage, there are advantages to be obtained by use of standards of similar composition 
and mass thickness to the specimen, since the errors due to the Z* assumption in the C-N 
quantitation will be eliminated and the instrumental contribution to the bremsstrahlung 
will be similar. In well-designed analytical electron microscopes, where the instrumental 
contributions are minimized and can be quantified, large differences in mean atomic number 
and mass thickness of specimen and standard do not pose any problems and mineral standards 
offer the advantages of good counting statistics and stability in the beam. 
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IMPROVED METHODS FOR X-RAY MICROANALYSIS OF CARDIAC MUSCLE 


J. McD. Tormey 


Microprobe analysis has enormous potential as a tool for the study of the physiology of 
cardiac muscle. The contractility of cardiac muscle is controlled by the distribution of 
electrolytes in various subcellular compartments, but information about this distribution 
has been obtained by indirect means. Direct quantitation of intact, adult, mammalian heart 
is now needed, and microprobe analysis is the only technique that appears capable of 
meeting this need. 

A major goal of our work has been to develop the ability to analyze electrolytes in 
cardiac muscle to the point where meaningful physiological experiments are feasible. This 
point has now been reached, but it has required the implementation of diverse improvements 
in our techniques. 

The samples are freeze-dried cryosections of the order of 100 nm thick. The analysis 
of such samples is ''simply" the end result of a series of difficult techniques. Each of 
these techniques has had in the past a significant degree of unreliability. Successful 
application of microprobe analysis to the study of diffusible electrolytes in ultrathin 
frozen sections has been limited to a few laboratories, in large measure because the un- 
reliabilities of the component techniques tend to propagate in such a way that readily 
reproducible results have been more the exception than the rule. 

The goal of this paper is to show how the reproducibility of our techniques has been 
increased at each of several steps. The steps to be discussed are (1) freezing in defined 
physiological states, (2) cryoultramicrotomy, (3) freeze-drying, and (4) energy dispersive 
x-ray spectrometry of low levels of Ca in the presence of interference from high levels of 
K. The last step will receive the greatest emphasis here, because it is the issue of 
broadest concern to the field of microbeam analysis. 


Freezing tn Defined Phystologteal States 


The requirements of good freezing put limitations on the type of cardiac muscle prepa- 
ration that is practical for microprobe studies. For this reason, papillary muscles have 
been the preparation of choice in our laboratory, as well as in other laboratories! >4 
carrying out microprobe analysis of cardiac muscle. These muscles are cylindrical out- 
growths of the ventricular wall that have physiological properties virtually identical to 
the rest of the ventricle and that have diameters of the order of 500 um. 

Papillary muscles are more of a challenge to freeze well than are other muscles with 
diameters in this range. This is because they are covered by a layer of connective tissue 
that is at least several microns thick and can be considerably thicker (see Fig. 1). We 
have previously found that frog extensor digiti IV muscles that were frozen in vigorously 
stirred liquid propage (-175°C) showed zones within 1-2 um perpendicular to the muscle 
surface that were completely free of ice crystal damage, beyond which the structure rapidly 
became progressively distorted. Adequate immersion freezing of papillary muscle would 
be thus extremely difficult. 

We have therefore developed techniques that utilize the ultrarapid freezing methods 
of Heuser and Reese,? in which tissues are rapidly plunged onto a liquid helium cooled 
copper block. Considerable effort was required to adjust the parameters of the freezing 
apparatus so that samples do not bounce off of the copper block while freezing. The 
freezing of papillary muscle is now reproducible, with good ultrastructural preservation 
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FIG. 1.--STEM micrograph of freeze-dried frozen section of papillary muscle from rabbit 
heart. Contrast is due entirely to local differences in dry mass. This sizable field 
includes three distinct regions. Low-density, slightly grainy region at bottom is compar- 
atively thick (ca 8um) layer of adhering solution that contains 5% dextran. Endocardium 
and unusually thick (ca 20um) layer of connective tissue make up balance of lower half of 
picture. Upper half contains portions of at least three muscle fibers. Although some 

ice crystal damage can be seen on close examination, freezing of these cells is remarkably 
good considering how far they are from freezing surface. Mitochondria are extremely dense 
structures that stand out in sharp contrast to rest of each myocardial cell. Remaining 
intracellular structures demonstrate relatively low contrast. Nevertheless, two nuclei 
are distinctly visible. There are signs of "chatter" in places, yet distinct sarcomeric 
structure is apparent at several spots, and more is not seen because of slightly oblique 
cellular orientation. There are also several profiles suggestive of transverse tubules. 


that gets past the connective tissue layer and includes several muscle fibers without 
significant damage. 

At the time of freezing the papillary muscle needs to be in a defined physiological 
state. As compared with skeletal muscle preparations, extraordinary care must be taken 
to avoid hypoxia or deformation of the muscle at any point during its handling. The muscle 
must be allowed an adequate recovery period and be demonstrated to possess normal contrac- 
tibeproperties. 

Our procedure includes holding the muscle at rest length while it is removed from the 
ventricular wall and attached to a plastic ring which holds it during physiological experi- 
mentation and freezing. The ring with muscle attached is mounted in a temperature-con- 
trolled superperfusion bath, where the muscle is electrically stimulated, its tension 
development is measured, and perfusion solutions are manipulated. After the physiological 
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status of the preparation has been ascertained, the muscle ring is transferred to a 
freezing head and is propelled against the liquid helium cooled block. Freezing is com- 
pleted within 15 s of removal from the bath, during which time the muscle remains warm 
and moist and does not contract. 


Cryoultramterotomy 


Cryoultramicrotomy of sections ca 100 nm thick range from tissues frozen in their 
native state has been a major rate limiting step in many laboratories' progress. In 
retrospect, this situation may be explained by the relative crudeness of the equipment 
available until very recently. Though good quality sections were produced and analyzed, 
they were usually obtained in small numbers and at high price of time and effort. 

We have successfully rebuilt our cryoultramicrotomy equipment so that it has much 
better mechanical and thermal stability for routine work. The new device, which is 
attached to a Sorvall MT-2 ultramicrotome, is an extensively reworked version of an early 
prototype design by Dr. Herbert Hagler for the Du Pont Sorvall MT-5000. (We are deeply 
indebted to Dr. Hagler and the Dallas group for sharing their experience with us.) As 
lineal descendant of a series of design modifications on the LKB Cryokit in several lab- 
oratories,‘~© it places a liquid nitrogen reservoir directly in the cryochamber, and uses 
it both to provide a cold, dry ambient atmosphere and to cool individually thermostated 
knife and specimen holders. The unique improvements have been large increases in mechani- 
cal stability and thermal isolation that allow the system to cut reproducible thin sections 
for up to 10 hr without difficulty. 

The time and effort involved in cryosectioning have accordingly been reduced by one to 
two orders of magnitude. Sections are now normally cut at -120°C. There is relatively 
little thermal interaction with the rest of the microtome, whose original cutting arm and 
knife stage remain stable at ca 15°C. Sequential serial sections 150 nm thick have been 
cut unattended for 2 hr, and flat gold sections up to 2 x 0.3 mm are obtained routinely. 
It is now common for us to prepare a dozen grids full of usable sections from two blocks 
in about 4 hr. 

We have also devised a special vise chuck for muscle that has been frozen flat against 
a cold metal block. A papillary muscle that has been frozen in this way to a thickness of 
ca 300 um is removed from its freezing stub, cleaved along its longitudinal axis, and 
further trimmed into several pieces. One of them can then readily be mounted between the 
jaws of the chuck and oriented for longitudinal sectioning. 

Sections are individually transferred to 50 or 100 mesh folding Cu grids and are 
sandwiched between carbon-coated Formvar films. In spite of some loss in spatial resolu- 
tion and a modest increase in background x-ray counts, this mounting procedure insures a 
subsequent yield of flat, stable sections after freeze-drying. 


Freeze-Drying 


With the advent of the new cryoultramicrotome in our laboratory, it was found that 
the previously satisfactory freeze-drying equipment now yielded specimens that appeared 
melted by both morphological and x-ray analytical criteria. It became clear that sub- 
stantial freeze-drying had been occurring in microtome cryostat we had used previously, 
which was cooled to -95°C by a flow of cold nitrogen gas from an external dewar. ’ Attempts 
at freeze-drying within the new cryomicrotome, where specimens were maintained between 
-95°C and -75°C for up to 2 hr, also proved unsatisfactory. We have therefore experimented 
with several prototype freeze-dryers, which has culminated in a design that has been giving 
reproducible morphological and analytical results for many months.® 

The basic component of the new device is a container which holds 20 grids and fits 
readily into the cryomicrotome next to the knife. After it ts loaded, it is sealed and 
transferred at near liquid nitrogen temperature into a long vertical tube, which is sur- 
rounded by liquid nitrogen and can be evacuated below 107° Torr. The grid container has 
a built in temperature sensor and heater, and when the container is placed in the vertical 
tube, they are connected to an outside controller by an umbilical rod that also serves to 
hold the container away from the cold walls. Once the container is completely in place, 
the grids are uncovered by removal of a lid, and the vertical tube is evacuated to begin 
the drying run. 

Since relatively little is known about optimal freeze-drying parameters for real tis- 
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sues, especially when they are sections covered by support films, a drying schedule was 
chosen whereby the grid container is warmed rapidly to -100°C and then slowly at the rate 
of 2.5°/hr to -50°C. Thereafter the grid container is brought rapidly to room temperature, 
covered, and transferred to a dry box. The drying run is controlled by a digital ramp 
generator designed specifically for this apparatus. 


Energy-dtsperstve Spectrometry of Caletum 


Calcium is the most important of all the elements in cardiac muscle, because its con- 
centration is the primary determinant of muscle contraction. However, its measurement is 
an extraordinary challenge to the accuracy and precision of x-ray microanalysis. Its 
overall intracellular concentration is approximately 2 mmoles/kg dry mass. Precise meas- 
urement of such a low mass fraction (ca ] part per 10 000) requires a relatively large 
number of counts in the gross calcium integral. Quantitation is further complicated by the 
simultaneous presence of potassium at concentrations of ca 500 mmoles/kg dry mass. The 
accurate deconvolution of the calcium Ka peak at 3.69 keV from a nearly two orders of mag- 
nitude larger potassium Kg peak at 3.59 keV is therefore required. Although the deconvo- 
lution methods now available?-!! can readily separate two overlapping peaks with centroids 
this close, the disproportion in the peaks' sizes causes small errors in deconvolution to 
have a large effect on estimated calcium values. 

Table 1 illustrates an especially bad experience analyzing calcium in cardiac muscle. 
The data are calcium concentrations in mmoles/kg dry mass + standard error of mean (number 
of measurements). They were obtained with a JEOL 100CX analytical electron microscope 
operated at 100kV acceleration voltage in the STEM mode. The specimens were freeze-dried 
cryosections that had been prepared several days previously. Separate specimen grids were 
examined on three successive days (A, B, C). The cell data were obtained with rasters at 
ca 5000x magnification; the cytosol data were obtained from extended regions of the cell 
that were free of mitochondria with rasters of ca 15 000x; the mitochondria data were 
obtained with rasters at ca 50 000x. The energy-dispersive x-ray spectra were deconvoluted 
by means of a Tracor Northern 880 system with its standard software for linear least- 
squares fitting of filtered reference spectra to filtered sample spectra. Concentrations 
were estimated by Hall's peak-to-continuum approach to quantitation. !2 

Naive interpretation of Table 1 leads to absurd conclusions. For instance no signif- 
icant calcitumwas measured in the cells, in spite of the fact that a substantial concentra- 
tion was measured in the cytosol, which comprises 60% of the cell volume. Also, the differ- 
ence between cell calcium concentrations measured on days A and Cwas statistically highly 
significant, aswas the difference between cytosol concentrations on these two days. 

These discrepancies were not attributable to x-ray counting statistics, inaccurate 
corrections for spurious continuum radiation, changes in sample mass during analysis, or 
sample deterioration with time. Therefore, we investigated the spectral deconvolution 
1tSelr. 


TABLE 1.--Day-to-day differences in calcium concentration measured from sections of heart 
muscle that were prepared at same time. 


Cytosol 


Mitochondrion 
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Spectral deconvolution by the linear least-squares fitting approach assumes that ref- 
erence and sample spectra have essentially the same peak positions and peak shapes. Small 
variations that are not important when isolated peaks are fitted can become significant 
when closely overlapping peaks are fitted. Attention was therefore focused on constancy 
of peak position and shape in our microprobe system, They turned out to be surprisingly 
inconstant. 

Figure 2 demonstrates the effect of a change in STEM raster size on peak shape. 
(These and all subsequent data were obtained at 100kV acceleration voltage.) Dropping 
the magnification from 5000x to 2000x caused a pronounced broadening of peak "skirts" on 
both the high- and low-energy sides of the peak centroids. The resulting peaks were de- 
cidedly non-Gaussian in shape, and the calcium regionwas affected. Not obvious in the 
figure is the fact that skirt broadening was accompanied by reductions of potassium and 
sulfur peak widths (full widths at half maximum, FWHM) of 5 and 12 eV, respectively. 

Peak position was also a strong function of raster size, when the detector was fully 
advanced into the column. (Detector was in standard horizontal configuration and was 
advanced until the front of the detector cryostat was 12 mm from the electron optical 
axis.) When the detector was retracted by 28 mm, however, no effect of raster size on 
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FIG. 2,.--Two superimposed x-ray spectra from 
very thin KoSO, crystal that was analyzed at 
100 kV. Although the two spectra were ob- 
tained sequentially from the same region, 
they are very poorly superimposed. There is 
considerable broadening of the "skirts" of 
spectral peaks obtained with a 2000x scanning 
raster, compared to results with a 5000 
scanning raster. Critical region in vicinity 
of Ca is one of those obviously affected and 
could present serious problem for accurate 
deconvolution of K and Ca spectra by any 
known method. 
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centroid position was observed. Such effects, as well as those in Fig. 2, appear to be 
caused by electromagnetic interference between the scan coils and the x-ray detector. 
Thus they belong to the same category of energy dispersive spectrometry artifacts that 
can produce dramatic false peaks whose position is a function of raster size.}3 

Table 2 presents an experiment that shows the effect of a change in magnification on 
measured calcium as well as on potassium peak parameters. The sample was a freeze-dried 
frozen section of a calcium-free standard consisting of an aqueous solution that contained 
450 mmolal potassium bromide and 25% w/w dextran. Any calcium measured in such a sample 
is an error of the deconvolution procedure, and can be shown in this case to be caused by 
discrepancies in potassium peak parameters between reference and sample spectra. The 
calcium error is expressed in units of mmoles Ca/mole K, since the magnitude of an error 
due to a potassium peak shift may be expected to be directly proportional to the size of 
that potassium peak. The calcium error was statistically insignificant at 150 000x 
magnification. However, at 10 000x the potassium peak centroid had shifted 1.9 eV. 
the potassium peak width (FWHM) had increased by 2.2 eV, and the calcium error had become 
significant. Two error values are given: 1.2 mmoles Ca/mole K was obtained after the 
shift in potassium peak position was measured in each spectrum and each was recalibrated 
so that the potassium shift was zero before deconvolution (a calcium value that therefore 
represents the error due to potassium peak broadening alone); 3.3 mmoles Ca/mole K was the 
value measured before this recalibration. 

Since the effects of peak position and peak resolution (FWHM) on calcium error can be 
separated, we further explored the effects of spontaneous variations of FWHM on calcium 
error. Figure 3 shows that there is a rectilinear relationship between these two para- 
meters. The measured linear regression coefficients can therefore be used for correcting 
calcium measurements for errors caused by variations in peak resolution, provided micro- 
analysis is carried out within the constraints to be listed below. 

Shuman et al.!9 have also discussed the effect of shifts in potassium calibration on 
the accuracy of calcium measurements. Using computer-generated Gaussian peaks and the 
same software for spectral deconvolution as we, they explored the effects of miscalibration 
in the range of +5 eV. They found rectilinear relationships between calcium error on the 
one hand and both the position and the resolution of the potassium peak on the other. 
They also suggested that such relationships could be used as a basis for correcting calcium 
data. The slopes of their relationships were, however considerably different from those 
we have observed. 

In addition to scan coil induced effects, there were also variations in peak position 
and resolution due to instrumental drift. Close inspection of our spectra over a period 
of months led us to recognize such drift to be highly unpredictable. Shifts in potassium 
centroid position of up to +2 eV per day were observed. Sometimes these changes were 
progressive and at other times nearly instantaneous; sometimes calibration stayed within 
1 eV for days. We also observed erratic cycles during which potassium FWHM changed by 
+5 eV over a period of days. The exact causes of these effects remain unclear. They 
could partially result from aging electronics and uncontrollable changes in ambient 


TABLE 2.--Effect of change in magnification on position and resolution of potassium peak 
and on measurement of apparent calcium. Peak position is deviation from expected centroid 
energy in eV. Peak resolution is FWHM in eV. Ca error is mmoles calcium per mole potas- 
sium. Standard errors of means are presented. 


Peak Peak 
Pasition Resalution 


6 0.1 70.1 128.3 10.2 


130.5 40.2 


Magnification Ca Error 


150,000 X 


10,000 X 


* 
See text. 
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temperature. On the other hand, 


8 they appear unrelated to such 
7 well-known effects as microphonics 
Z originating in ice ground loops or 
at the bottom of the detector 
5 dewar. 
ERROR 4 Once recognized, the effects 
described here can be coped with. 
mmole a) z We now observe all the following 
mole K precautions: (1) Detector posi- 
2 tion is never varied for analyt- 
4 ical measurements. (2) X-ray 
spectra are obtained at slow 
2 raster speeds, which greatly 
-1 ERROR = 0.852 FWHM - 1.2 reduces scan coil induced changes 
2 in calibration and resolution. 
(3) Spectra are never obtained 
=5 at magnifications below 5000 , 
which further reduces scan coil 
128 130 432. 13+ 0 «1G 138 effects. (4) The energy cali- 
RESOLUTION (FWHM) bration of each spectrum is meas- 
. ured, and the spectrum is recali- 
FIG. 3.--Regression line demonstrating linear rela- brated before deconvolution, so 
tionship between variations in measured potassium that its major peaks fall within 
peak width (resolution in FWHM) and resulting error 1 eV of expectation and its po- 
in calcium measurement. This result provides para- tassium peak falls within 0.1 eV. 
meters for correcting errors in low-level calcium (5) Potassium peak width (FWHM) 
measurements that would otherwise result from is measured, and its value is 
potassium peak fluctuations. used in conjunction with the data 


from Fig. 3 to correct 
the measured calcium concentrations on a spectrum by spectrum basis. 

As a result of such precautions, the precision of calcium analyses of standards has 
improved to the point where the observed standard deviations are close to those expected 
from counting statistics alone. Accuracy is also good; a series of measurements on a 
standard including 450 mmolal potassium and 3.0 mmolal calcium yielded a mean calcium value 
that was off by 0.1 mmolal. We are also observing remarkably little variance in calcium 
concentrations in control cardiac muscles, other than that which is attributable to counting 
statistics. 


Coneluston 


The state of the art of biological microprobe analysis is rapidly advancing as a 
result of multiple refinements of technique. Our personal experience with improvements 
in four areas has been presented here. With the implementation of such refinements, 
accuracy, reproducibility, and throughput are increasing to the point where use of micro- 
probe x-ray analysis to perform physiological experiments is becoming more practical 
than ever before. 


References 


1.  H.. (Kk. Hagler, K.P Burton; C...A, Griéco,. L. E. Lopez, and L.:M. Buja, “Techniques 
for cryosectioning and x-ray microanalysis in the study of normal and injured myocardium," 
SEM/1980 II, 493. 

2. M. F. Wendt-Gallitelli, H. Wolburg, M. Schwegler, and W. Schlote, "Electron probe 
x-ray microanalysis of unstained myocardial sarcoplasmic reticulum in situ and fragmented," 
Expertentta 35: 1591, 1979. 

3. J. E. Heuser, T. S. Reese, M. J. Dennis, Y. Jan, L. Jan, and L. Evans, "Synaptic 
vesicle exocytosis captured by quick freezing and correlated with quantal transmitter 
release," J. Cell Btol. 81: 275, 1979. 

4. A. V. Somlyo and J. Silcox, "Cryoultramicrotomy for electron probe analysis," in 
C. P. Lechene and R. R. Warner, Eds., Microbeam Analysts tn Biology, New York: Academic 
Press, 1979, 536. 


227 


5. L. Seveus, "'Cryoultramicrotomy as a preparation method for x-ray microanalysis," 
SEM/1980 IV, 161. 

6. H. K. Hagler, L. Lopez, J. S. Flores, R. J. Lundswick, and L. M. Buja, "Standards 
for quantitative energy dispersive x-ray microanalysis of biological cryosections. Valida- 
tion and application to studies of myocardium," J. Microscopy (in press). 

7. A. K. Christensen, "Frozen thin sections of fresh tissue for electron microscopy, 
with a description of pancreas and liver," J. Cell Biol. 51: 772, 1971. 

8. J. McD. Tormey and L. G. Walsh, "Freeze-drying cryosections for x-ray microanal- 
ysis: An improved method," submitted for publication. 

9. F, H. Schamber, "A modification of the linear least-squares fitting method which 
provides continuum suppression,'' in T. G. Dzubay, Ed., X-ray Fluorescence Analysts of 
Envtronmental Samples, Ann Arbor: Ann Arbor Science, 1977, 241. 

10. H. Shuman, A. V. Somlyo, and A. P. Somlyo, "Quantitative electron probe micro- 
analysis of biological thin sections: Methods and validity," Ultramteroscopy 1: 317, 1976. 

11. kK. F. J. Heinrich, D. E. Newbury, and R. L. Myklebust, Eds., Energy Dispersive 
X-ray Spectrometry, Washington, D. C. National Bureau of Standards Special Publication 604, 
1981. 

12. T. A. Hall, "The microprobe assay of chemical elements," in G. Oster, Ed., Phystcal 
Techniques in Btologteal Research, New York: Academic Press, 2d ed., 1971, IA, 157. 

13. C. E. Fiori, D. E. Newbury, and R. L. Myklebust, "Artifacts encountered in energy 
dispersive x-ray spectrometry in the analytical electron microscope," in Ref. 11, 365. 


228 


Ron Gooley, Ed., Microbeam Analysis—1983 
Copyright © 1983 by San Francisco Press, Inc., Box 6800, San Francisco, CA 94101-6800, USA 


INTRACELLULAR HYDRATION MEASUREMENT WITH FREEZE-DRIED, PLASTIC-EMBEDDED BIOLOGICAL SOFT 
TISSUE 


F. Duane Ingram and Mary Jo Ingram 


When an element not commonly associated with biological material is complexed into the 
plastic used for embedding freeze-dried tissue, the characteristic x-ray intensity for 
that element will be reduced in regions of the plastic block containing tissue. A direct 
relationship will exist between signal intensity and dilution of the embedding plastic by 
tissue solids, provided tissue water has been faithfully replaced by embedding medium. 

Br has been selected as the element for estimating tissue water in this manner. The 
embedding medium is tagged with Br by incorporating 40 mg/kg dibromacetophenone into EPON 
826 monomer. Tissue collection, freeze-drying, and osmium vapor fixation are performed 
in standard fashion,! with initial drying at a temperature near -80°C and completion of 
drying at +50°C. Final drying at the higher temperature is recommended to remove "bound" 
water more completely. It is essential that all water be removed for this preparation. 
Because the “bound'' water is not expected to contribute to the osmotic state of the cell, 
measurements of cellular water that include the "bound" fraction must be corrected by some 
hitherto unknown factor when they are to be used in studies of cellular function. In the 
present work, electron microprobe estimations of cell water were compared with conventional 
techniques which involved drying tissue for two days at 105°C, so that it was appropriate 
to remove all cellular water before electron probe microanalysis. Drying was not attempted 
at 105°C with the freeze-dried tissue, as that temperature is beyond the recommended oper- 
ating range for our freeze-dry apparatus. 

Albumin standards, with different concentrations of tissue solids, that range from 
10.7% to 37.7% by weight, were used to calibrate a wavelength-dispersive spectrometer with 
a 50nA, 10keV electron beam. The ratio of Br La counting rate on embedded albumin to 
counting rate on pure EPON was plotted against tissue water fraction to obtain a calibra- 
tion curve. A straight line fitted to the data had a slope of 1.027 + 0.069 with inter- 
cept 0.057 + 0.047 and regression coefficient of 0.991. An independent evaluation of the 
set of standards is realized by examining the sulfur data that had been obtained simul- 
taneously with data collection for the Br signal calibration. Tissue solids plotted 
against S Ka signal, in counts/s, obtained with the wavelength-dispersive spectrometer 
and PET diffraction crystal had a slope of 405.6 + 11.9 with intercept 3.2 + 2.9 and 
regression coefficient of 0.9979. This result indicates an acceptable set of standards 
of varying tissue solids. The continuum from 4.2 to 7.2 keV in the Si(Li) energy detector 
spectrum was calibrated to provide a number representing background at each location that 
data were collected on the albumin standards.” 

This method for measuring cellular water was evaluated by comparison of electron micro- 
probe estimations of tissue water with conventional measurements of tissue water. Samples 
of gastrocnemius from each of four different sets of anesthetized rats were collected with 
a cold clamp for electron-probe microanalysis. The other gastrocnemius in each rat was 
excised for conventional wet chemical analysis. Excellent agreement was found between 
the two sets of measurements (Table 1). 

The electron microprobe estimates of tissue water averaged approximately 3% higher 
than those obtained with conventional techniques on companion tissue. This difference 
represents a systematic error within the limits of uncertainty of calibration. Differ- 
ences between electron microprobe measurement. and conventional measurement of cellular 
water can result from (1) inaccurate knowledge of the amount of water remaining in the 
prepared albumin standards, (2) removal of a different fraction of tissue water with 
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TABLE 1 


(n) Wet Chemistry Electron Probe Microanalysis 
Water Fraction Estimated Water Fraction Difference 
Set 1 (4) 0.718 +0.008 0.749 0.014 0.031 
Set 2 (5) 0.733 +0.010 0.7594 0.039 0.026 
Set 3 (6) 0.7674 0.007 0.784+ 0.020 0.017 
Set4 (4) 0.783 +0.008 0.811+ 0.019 0.028 


conventional methods where tissue is held at 105°C in an oven from that removed with the 
freeze-dry apparatus where final tissue drying is done at +50°C in a vacuum, and (3) sys- 
tematic errors in the measurements and assumptions required for conventional determination 
of cellular water. The excellent agreement in tissue water measurement between these two 
diverse methods of cellular water determination either supports the contention that the 
various sources of error are of little consequence, or that fortuitously, errors. cancel 

The primary assumptions made with this technique are: (1) embedding plastic faithfully 
replaces tissue water; (2) all tissue water is removed by freeze-drying; (3) the reduction 
of Br x-ray signal results primarily from dilution of plastic by tissue solids and not 
from counting losses from matrix effects; and (4) distortions, such as shrinkage, that 
accompany tissue preparation, are accurately reflected in fabricated albumin standards, 
and are the same from one type of tissue to another. 
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A COMPREHENSIVE COMPUTER PROGRAM FOR THE QUANTITATIVE ANALYSIS OF THIN BIOLOGICAL SECTIONS 


R. R. Warner and J. C. Wirfel 


A multifunctional computer program called Hydra has been developed for the quantitative 
analysis of thin biological sections. This program monitors the loss or gain of mass and 
elements during data acquisition. Peak and background intensities are obtained from the 
acquired spectrum by a filtering and deconvolution routine. Element concentrations are 
calculated using two major biological quantitative techniques. With this program, poten- 
tial problems of these quantitative techniques can be minimized. 

Of the available quantitative procedures for microprobe analysis of biological tissue, 
the procedures of Hall!»* and Rick and coworkers?» are widely used and have proven accu- 
racy.°»® They are not without problems. The Hall technique requires accurate measurement 
of sample mass (continuum); problems of mass loss’ or gain and problems of extraneous 
continuum, whether peak-associated*>° or peakless,® can compromise an analysis unless 
adequately addressed. Similarly, the technique of Rick requires application of an exter- 
nal standard to the tissue that could compromise some samples or create difficulties during 
cryosectioning. In addition, the Rick procedure is based on several critical assumptions: 
(1) that the analyzed regions of the cryosectioned sample and attached standard are uni- 
formly thick, and (2) that possible element loss or gain, or possible tissue shrinkage 
during freeze-drying, is identical in the standard and sample. 

We have developed a generally applicable sample-analysis procedure that offers a numn- 
ber of advantages for the quantitative microprobe analysis of thin biological sections. 
The analytical portion of this sample-analysis procedure is incorporated in the Fortran 
computer program Hydra. This program utilizes both the Hall and Rick techniques and 
specifically addresses their inherent potential problems. The analysis procedure directs 
the acquisition of raw spectral data, monitors element and mass loss or gain, extracts 
peak and background intensities by use of a filtering and deconvolution routine, applies 
the various correction procedures, requests the appropriate standards, and calculates 
concentrations. The program incorporates a data storage and retrieval system. 

The program Hydra is designed to minimize problems of peakless continuum described 
elsewhere in this volume.® As such, an external standard adherent to the sample (similar 
to that required by the Rick technique) is necessary. Procedures for application of an 
external standard that would be appropriate for any sample type are being developed at 
Procter & Gamble and will be published elsewhere. 

Previously it has proven advantageous to compare directly results obtained with the 
Rick and Hall techniques.? Since there is little in common between these two data-reduc- 
tion procedures, obtaining equivalent answers strongly supports their validity, whereas 
obtaining very different answers invites closer scrutiny. Our quantitative procedure 
Hydra utilizes both the Hall and Rick techniques to provide a direct comparison of results. 

Continuum and element peak intensities are obtained by use of the spectrum filtering 
and deconvolution routines of the Sequential Simplex program by Fiori et al.+° With this 
procedure, the exact energy of an element peak is one of the fitting parameters, which 
eliminates the dependence on an extremely accurate energy calibration common to other 
filtering routines.° 

Since element and mass loss or gain can affect the accuracy of results obtained with 
the Hall and Rick techniques, the count rate for the continuum and each analyzed element 
should be monitored during the analysis. Following our previous technique,’’ the count 
rates are monitored automatically during data acquisition and the results are graphically 
plotted for visual interpretation. 

For the Hall technique, extraneous peak-associated continuum is eliminated following 
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established procedures.*»> The film (substrate) continuum is also subtracted. Since it 


is not possible to correct for extraneous peakless continuum, this effect is minimized by 
use of external standards applied prior to or following quench freezing. 

Other features of the program are the incorporation of a simple data storage and 
retrieval system, a calculation of sample and standard mass thicknesses, and an option 
to analyze or recalculate element concentrations using isolated standards and the element 
ratio technique.!? The program Hydra was written for a DEC RSX operating system and a 
Kevex 7000 system. 
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IMAGING LYMPHOCYTE MAGNESIUM 
G. .Ry. Hook,. 6. BE. Fiori, and. R. Js Elin 


Blood contains approximately 1% of the total body magnesium. Plasma and erythrocyte 
magnesium concentrations do not provide accurate information about total body magnesium 
status but peripherial blood mononuclear cell magnesium concentration may correlate with 
total body magnesium.! However, magnesium variation among individual mononuclear cells 
has not been well characterized. We present here a direct method for determining the mag- 
nesium variation among individual whole lymphocytes by x-ray microprobe elemental imaging. 
Magnesium was imaged in Burkitt lymphoma cells by use of a new sample preparation proce- 
dure and a computer-controlled microprobe with wavelength-dispersive spectrometers. This 
method minimizes continuum x rays, corrects a mass thickness artifact, and produces net 
magnesium maps. 

The computer-controlled acquisition, storage, and display system is more flexible than 
a conventional x-ray dot map system because the intensity of each pixel within the image 
is proportional to the local amount of analyte. Using this system, one can correct for 
the effect of mass thickness variation on the continuum generation process by subtracting 
the continuum image from the magnesium-plus-continuum image pixel by pixel and making a 
net magnesium distribution map. Since a measure of both characteristic and continuum 
x rays at each pixel is available, these digitized images also permit the quantitation of 
magnesium in cells. We present continuum-corrected digital x-ray images of a biological 
sample and believe the overall method has general applicability to a variety of elements 
studied in many biological problems. 


Insatrumentatton 


To make elemental digital maps requires a stable electron beam and stage and appropri- 
ate computer hardware and software. Our analytical system consists of a Cameca microprobe 
equipped with wavelength-dispersive x-ray spectrometers (WDS), Tracor Northern energy- 
dispersive x-ray detector and multichannel analyzer, secondary-electron (SEM) and scanning 
transmission electron (STEM) detectors linked via a Digital Equipment Corp. (DEC) LSI 
11-23 satellite processor to a dedicated PDP 11/60 computer with dual 67M byte disk drives 
and a DeAnza color graphics display (4 planes of 512 x 512 x 8 bits).*°3 The software for 
acquisition, storage, display, and processing the images has been described previously. * 


Sample Preparatton 


EW36 Burkitt lymphoma cells from cell culture were chosen because they provide a more 
homogeneous population than lymphocytes obtained from peripherial blood and cell~separation 
procedures are avoided. Cells were grown in RPMI 1640 (M. A. Bioproducts) with glutamine, 
20% fetal calf serum, and 0.5% penicillin and streptomycin medium at 37°C for 4 days, 
harvested and washed four times in NH,NO, buffer (310 mosmole, pH 7.4) by centrifugation 
at 400 g for 10 min per wash. NH,NO, buffer is a compromise between controlling osmotic 
cell lysis and minimizing salt formation when the buffer dried. Salt crystal formation 
was a problem because the crystals can cover the cells and thus make it difficult to 
identify cells and contribute characteristic and continuum x rays. The NH,NO3 is a vola- 
tile salt that is easily etched away with the electron beam to allow clear imaging of 
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cells and has a low average atomic number, which contributes a minimum amount of continuum 
x rays. After washing, the cells were concentrated (2 million cells/ml), loaded into a 
glass capillary tube, spray deposited on the sample support with a freon-propelled aerosol 
(E. Fullam), air dried, and carbon coated. Aerosol application of cells minimizes the 
amount of buffer deposited and insures against differential adsorption of the sample on 
the support. ° 

The sample support is a large-area film, thin enough to generate a low-continuum x-ray 
signal and allow transmission light-optical and electron-optical observation, yet strong 
enough to withstand sample handling and high electron beam currents. The support consists 
of a Teflon ring (14 mm OD, 12 mm ID, 2 mm high) over which a thin (0.3um) formvar film 
is stretched; there are no support bars. We make the film by dipping a glass slide into 
a 2% formvar-ethylene dichloride solution, rapidly removing the slide from the solution, 
drying the film, and floating it on water. The face of the ring is painted with the 
formvar solution and allowed to dry before the painted surface is placed on the floating 
film. The ring and film is picked up from above with formvar-coated parafilm and exces- 
Sive water is blown away. After the cells are applied, the film is reinforced by evapo- 
rative carbon coating of both sides of the film. This step produces a sample support that 
contributes very little continuum x rays, transmits light and electrons for imaging, has 
a large, unobstructed area (120 mm), yet is able to withstand 10-© A electron beam 
currents. The ring is placed in a hole through a carbon-coated brass shuttle and the 
shuttle is transferred onto the standard Cameca STEM stage. 


Imaging 


Operationally, image collection requires manually selecting and setting the beam cur- 
rent, focus, signal collectors, and area of interest, and entering the computer program. 
In the program, the operator is presented with a menu from which the option to collect an 
image is selected. The program requests a label for the image to be stored, the size of 
the pixel array to be collected (up to 1024 x 1024) and the dwell time for each pixel 
(1 us to 1000 s). The computer methodically steps the beam over the sample for the number 
of pixels selected, dwells at each pixel for the prescribed amount of time, collects the 
Signal at each pixel, and stores each of the selected signals on magnetic disk. The pixel 
array Size and the image collection time are determined by many factors, including the 
elemental content of the sample, the efficiency of signal generation and collection, the 
electron beam current, the desired spatial resolution and statistical precision, and the 
number of samples to be investigated. The SEM and STEM images are efficiently produced 
and collected compared to x-ray production and WDS x-ray collection, so SEM and STEM images 
are made with a low beam current, large array size, and a short image collection time 
(less than 1 min), whereas WDS x-ray images require a high beam current, a smaller array 
size, and a long image collection time (30 min or more). 

Multiple signals can be collected during one scan, but because of the large difference 
in beam currents used in structural and elemental images, the structural images and the 
x-ray images are collected separately. Also, the WDS x-ray peak-plus-continuum and con- 
tinuum images are collected in two sequential scans of the sample. The WDS x-ray peak- 
plus-continuum image is detected by tuning of the WDS to the Ka x ray for magnesium and 
the continuum image is acquired on the same area with the same beam current, array, time, 
spectrometer, and crystal as the peak-plus-continuum but with the spectrometer tuned off 
the peak. 

Having collected the images, the operator enters the menu and selects to display the 
images. An image is loaded into one of three color planes (red, green, or blue) in the 
DeAnza color graphics system and shown on a color monitor. This scheme permits observation 
of three different images at one time, so direct comparisons among images can be made. 

The images can be placed side by side or coregistered. 

After images are loaded, the menu is again entered and the image process software is 
selected. The relevant processing programs include brightness and contrast, increase 
magnification, scroll, arithmetic manipulations (addition, subtraction, multiplication and 
division), and smoothing of images. These programs were used to subtract the continuum 
image from the peak-plus-continuum image. After contrast and scaling adjustments of 
images have been made, the monitor is photographed. (In this paper the images are shown 
in black and white.) 
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FIG. 1.--Digital bright-field FIG. 2.--Digital WDS magne- FIG. 3.--Digital WDS contin- 


STEM micrograph showing lym- Sium-plus-continuum x-ray uum x-ray image of same 
phocytes are clearly imaged. image of same field as field. 
Pree) ds 


FIG. 4.--Net magnesium image obtained by subtraction of 
continuum image of Fig. 3 from magnesium peak-plus-contin- 
uum image of Fig. 2. Average magnesium content of these 
cells is 150 fg/cell as determined by atomic absorption. 


Results 


Figure 1 is a STEM micrograph of Burkitt lymphoma cells prior to elemental imaging, 
which shows that cells can be clearly imaged in the microprobe by this procedure. These 
images were obtained with a 15keV, 10°8A beam (Faraday cup measurement) and are 256 x 256 
pixel arrays with a dwell time of 60 us per pixel or a total acquistion time of 6 s. 
Figure 2 is a WDS x-ray peak map of magnesium plus continuum from this region, which shows 
the x-ray signal localized in the cells and very little signal from the surrounding salt 
and film. This image was obtained using a 15keV, 0.5 x 10-°A beam and is a 128 x 128 
pixel array with a dwell time of 1 s per pixel or a total acquisition time of 4 hr. 
Figure 3 shows the very-low-continuum x-ray image obtained from a second scan of the same 
area under the same operating conditions as Fig. 2, except the spectrometer is tuned off 
the peak. Figure 4 is the image that results from subtraction of the continuum image of 
Fig. 3, from the peak plus continuum image, Figure 2. This image shows that the net 
magnesium distribution is localized in the cells. 


Discusston 


We have demonstrated a new method that produces net magnesium images of Burkitt lym- 
phoma cells. This method consists of using a NH,NO3 buffer, spraying the cells on large- 
area, thin-film supports to minimize continuum x-ray signal, and digitally acquiring and 
storing both characteristic and continuum x-ray images to correct an artifact due to mass 
thickness. However, this method needs further research in four areas. First, although 
70% of the cells remains intact after washing, NH,NO,3 buffer may selectively lyse cells 
and correlative studies with atomic absorption are planned. Second, air drying may redis- 
tribute magnesium within the cells and comparisons are needed with freeze-dried and frozen 
hydrated procedures. Third, although the magnesium signal is stable at the electron dose 
rate used, studies are being conducted to compare high-current WDS images with low-current 
x-ray images collected with the more efficient energy-dispersive x-ray spectrometer. 
Fourth, quantitative cellular magnesium studies comparing the integrated intensity over 
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all pixels that define a given lymphocyte with a similarly integrated pixel value obtained 
from net magnesium images of standard glass spheres with a known magnesium concentration, 
size, and low average atomic number,© are being conducted. 
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VALIDATION OF QUANTITATIVE ENERGY-DISPERSIVE ELECTRON-PROBE X-RAY MICROANALYSIS OF 
ELECTROLYTES IN THIN CRYOSECTIONS OF ERYTHROCYTES 


I. L. Cameron, K. E. Hunter, and N. K. R. Smith 


Biological materials consist of extracellular and intracellular compartments containing 
diffusable ions which are in some cases maintained at vastly different concentrations. For 
example, in both man and mouse the erythrocytes suspended in the blood plasma are known to 
have dramatic intracellular-to-extracellular concentration gradients with the concentration 
of K* within the erythrocyte about 10 times that in the blood plasma, whereas the concen- 
tration of Nat is about 10 times lower and the concentration of Cl~ is also somewhat 
lower.!>* To prevent the possible diffusion of such ions along their concentration gradi- 
ents during preparation for microprobe analysis, the biological specimens are usually 
rapidly frozen and thin frozen sections of the specimen are cut and freeze-dried at low 
temperatures. 

Pure populations of mammalian erythrocytes, which are known to have a homogeneous 
intracellular structure and whose ionic composition is already accurately known by wet 
chemical analysis, provide us with an excellent biological test system for validating the 
accuracy of specimen preparation and instrumental microprobe procedures. °~° 

In a series of studies with freeze-dried sections of erythrocytes used as such a test 
system, Tormey obtained anomalously high intraerythrocyte concentrations of Na and Cl, but 
accurate concentrations of K.°"° The excesses for Na and Cl were proportional to the con- 
centration of each of these electrolytes in the extracellular environment. The source of 
the excess Na and Cl error was eventually traced to the scattering of electrons within the 
section; i.e., focusing of electrons on an intracellular area of a sectioned erythrocyte 
would result in enough lateral electron scatter to generate x rays from the extracellular 
environment, which is ten times higher in Na concentration, Being aware of this problem 
of doing microprobe analysis in the intraerythrocyte compartment immediately adjacent to 
the extracellular compartment with a high Na concentration, we decided that such a problem 
might be clarified and might also be circumvented in large measure by the centrifugal 
packing of the erythrocytes in such a way that the extracellular environment was almost 
eliminated. Thus, comparative analysis was done on packed and on unpacked erythrocytes 
to assess the extent of the electron scattering problem. 

In addition, we were interested in an assessment of what temperatures are needed to 
prevent diffusion along the known intracellular-extracellular ion gradients during our 
specimen-preparation procedures. In this regard, packed and unpacked erythrocytes were 
prepared identically except that the cryosectioning and cryosorption were done at -40°C 
in one case and at -100°C in the other, which should allow us to assess the extent of any 
electron-scatter or ion-diffusion problem due to preparative temperature, as well as of 
possible interactions between these two variables. 

Our overall objective in thts study was to validate our electron-probe x=ray micro- 
analysis methods by obtaining quantitative agreement with the known and accepted wet chem- 
ical measurements on erythrocytes. 


Experimental Procedures 


To collect blood for determination of water content, mice were decapitated and the 
blood was collected in heparinized beakers. To obtain enough blood it was often necessary 
to pool blood from several mice. A tracer amount of 3H inulin, which served as an extra- 
cellular space marker, was added to a volume of blood. Aliquots of whole blood were trans- 
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ferred into pre-washed and pre-weighed polyethylene microfuge tubes as described previous- 
ly.© The cells were immediately agitated for 5 s at room temperature (24°C) to insure 
uniform distribution of the °H inulin and were centrifuged for 3-4 min in a microfuge at 
1200xg. The residual plasma buffy coat was aspirated off from the packed erythrocytes; 
the weight of the remaining erythrocyte pellet was then determined. The tubes were placed 
in an oven at 80°C for 24-48 hr. The tubes were removed from the oven and placed in a 
vacuum dessicator to cool, and the dry erythrocyte weight was determined. This procedure 
was repeated until a constant weight was obtained. To determine extracellular space, 
heparinized cylindrical hematocrit tubes with a precise inside diameter of 1.15 mm were 
filled with whole blood and one end of the tube was sealed. The tube was then centrifuged 
for 3-4 min at 1200xg. A segment of the hematocrit tube containing packed erythrocytes or 
plasma was then broken off after score marks had been made with a diamond pencil. The 
volume of packed erythrocytes or of plasma was calculated from measurements of lengths of 
the tube filled with plasma and from the known inside diameter of the tube. The segments 
of the hematocrit tube with either packed erythrocytes or plasma were placed into scintil- 
lation vials containing 0.5 ml of ethanol. The vials were agitated until the contents of 
the hematocrit tubes were dispersed; then a 1:2 v/v mixture of Triton X: toluene (which 
also contained 0.4 g PPO and 0.01 g POPOP per liter of solution) was added to the vial as 
a scintillation cocktail. The samples were counted in a scintillation spectrometer. 

For electron probe x-ray microanalysis a small drop of unpacked or of centrifugally 
packed erythrocytes from a single mouse was placed on a brass pin. The specimens were 
frozen by immersion in liquid propane cooled in a liquid nitrogen bath and were then trans- 
ferred to and stored in liquid nitrogen until the time of sectioning. Sectioning was done 
on the LKB Ultratome V equipped with a modified cryokit and cooled to a temperature of 
-40°C or -100°C for both specimen and knife. A dry glass knife with a 40° angle and a 
sectioning speed of 0.5 mm/s was used for cutting. Ultrathin sections were obtained by 
advancing 0.1 um on the microfeed. The 0.lum-thick sections were positioned on a film of 
formvar (0.25% in dioxane) spanning a a 1.5mm hole in a 3mm carbon grid. To minimize 
curling or movement of the sections, a carbon-coated formvar film on an aluminum ring was 
placed over the sections. The sandwiched specimen was dried within the LKB chamber at 
-40°C or at -100°C in a custom-made cryosorption apparatus by evacuation with a rotary 
pump for 2 hr. The sections were warmed to room temperature, vented with dry nitrogen gas, 
and stored in a desiccator. At the time of analysis the aluminum ring was removed, leaving 
a flat section sandwiched between two layers of formvar film. The sections were examined 
in a JEOL JSM35 scanning electron microscope under the following conditions: STEM mode, 
accelerating voltage 25 kV, specimen current 0.20 nA, raster size 0.27 um*, analysis time 
100 s, takeoff angle 40°, and specimen-to-detector distance 15 mm. Analysis was done by 
a Si(Li) x-ray detector and Tracor Northern NS-880 x-ray analysis system. 

Our quantification technique is based on the Hall mass fraction method.’>® Continuum 
counts, due to the formvar, were measured and were subtracted prior to the calculation of 
elemental peak-to-continuum values, which were converted to content by a series of cryo- 
sectioned standards with known amounts of dried salts added to a 20% bovine serum albumin 
solution. 

Analysis of variance statistics was used throughout. Where a signiftcant F value was 
obtained, a Student-Newman-Keul's multiple range test was used to determine significant 
differences between the means of each treatment procedure. 


Results 


An analysis of increasing force of gravity on the packed erythrocyte yolume (hematocrit) 
was done to determine whether the erythrocytes could be further packed by an increase in 
the g force or whether hemolysis had occurred during the handling procedure. The packed 
erythrocyte volume (hematocrit) remained constant when subjected to g force of 1000xg or 
greater for 3-4 min (Fig. 1). Also, the layer of plasma immediately above the packed 
erythrocytes was clear and remained so for several hrs. At 1000xg and greater g force, 
the hematocrit was 46%. Thus, the g force used in the water-content studies was adequate 
to obtain maximal erythrocyte packing without hemolysis. Our results also indicate that g 
forces of up to 9300xg did not cause further cell packing or hemolysis. 

Scanning transmission electron micrographs of cryosectioned and cryosorbed specimens 
used in this study exhibit a granularity within erythrocytes (Fig. 2), which is 
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eh taken as evidence of ice crystal formation 
during specimen preparation. Almost no extra- 


80 cellular space can be seen in the packed eryth- 
rocytes and the edge of the individual erythro- 
707 ° ® Mature Erythrocytes cytes is difficult to discern. Extracellular 
z space and individual erythrocytes are clearly 
= 60 seen in the unpacked erythrocyte sample. The 
8 micrograph of the liver section is at the same 
E oe magnification as the erythrocyte preparations 
rz and shows clearly the relatively small size of 


the erythrocytes and the surprisingly good 

morphological detail obtained with the cryo- 

preparative procedure. 

The results of the microprobe analysis are 
summarized in Table 1. A statistical analysis 
Force (x gravity) for 3-4 Minutes of variance of the data for each of the three 

elements was run. Highly significant F values 
were found for Na and Cl. As mentioned, a 

FIG. 1.--Centrifugal force (X gravity for Student-Newman-Keul's multiple-range comparison 
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3-4 min) on packed erythrocyte volume test determines which of the four preparative 
(hematocrit) from heparinized blood of conditions differ significantly from one anoth- 
adult mice. No significant changes in er. For Na, the unpacked erythrocytes pro- 
hematocrit occurred above 1000xg. cessed at -40°C had significantly higher Na 


concentration values (p < 0.001) than in the 
other three preparative conditions. Although their mean values vary from 35 to 120 mM/kg 
dry weight, the variance is such that no other significant differences (p < 0.01) were 
found between the other three preparative conditions. Likewise, for Cl, the unpacked 
erythrocytes processed at -40°C had significantly higher Cl concentration values (p < 0.001) 
than the other three conditions and no other significant differences (p < 0.01) were found 
between the other three preparative conditions. 

The mM/kg dry-weight data obtained on packed erythrocytes which were processed at -100°C 
were converted to mM/kg water by use of the measured water content value given in a foot- 
note to Table 2, which shows comparison of the mouse intraerythrocyte concentration of Na, 
Cl, and K as determined by electron-probe x-ray microanalysis and by wet chemical analysis. 
The microprobe data were subsequently corrected for the Na trapped in the extracellular 
space according to the formula: extracellular (trapped) Na = 140 mM sodium in the plasma 
x 3.6% extracellular (trapped) space + 100. 

It seems reasonable to make a correction for the extracellular Na value, as the °H- 
inulin measurements indicate that such an extracellular Na space does exist in the packed 
erythrocytes. Such a space could not be discerned or avoided during the microprobe of the 
packed erythrocytes. When the extracellular trapped-Na value is subtracted the intraeryth- 
rocyte, Na concentration falls within the range of Na concentration values reported by 
Benos.* Similar corrections for extracellular Cl and K were made but are of much smaller 
magnitude (Table 2). For K, the extracellular concentration is lower, so that trapped K 
value is added rather than subtracted to make the correction. 


Diseusston and Conelustons 


The data obtained in the present study indicate that the processing of erythrocytes 
suspended in blood plasma at a temperature of -40°C leads to spuriously high erythrocyte 
Na and Cl concentration values. The most reasonable explanation for this finding is that 
Na and Cl have diffused from their higher concentration in the extracellular environment 
into the erythrocyte. Because of the small size of the erythrocytes, the area rastered 
for analysis is seldom if ever positioned more than 1 um from the extracellular space. 
Because the unpacked erythrocytes that were processed at -100°C showed significantly less 
Na, we may conclude that the temperature difference is primarily responsible for the 
observed Na and Cl differences. Experiments are under way to determine whether the dis- 
tances of Na and Cl diffusion in larger tissue cells are great enough to preclude use of 
-40°C for the preparation of thin biological sections for microprobe analysis. 

The observation that intracellular K did not show a significant diffusion along its 
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FIG. 2.--STEM micrographs of mouse erythrocytes packed at 9300xg (upper left), erythrocytes 
in plasma (upper right), and liver (lower). Arrow in lower picture points to an erythro- 
cyte. Ice crystals within erythrocytes are visible in all three micrographs. Scale bar = 
5 um. All specimens were processed at -100°C. 


concentration gradient in the unpacked erythrocytes processed at -40°C deserves comment. 
One possible explanation for the failure of K to diffuse from the erythrocyte is that a 
significant fraction of the intraerythrocyte K is not free to diffuse. Evidence for this 
possibility has been provided by x-ray absorption edge fine-structure studies of K in the 
erythrocytes from frogs. These studies show that an appreciable portion of the intraeryth- 
rocyte K is influenced by molecules other than water and is different from free K in solu- 
tion.’ On the other hand recent NMR reports on human erythrocytes indicate that most but 
not all of the intraerythrocyte Na is in a free ionic state.1? 

That no significant difference was found between the intraerythrocyte Na concentration 
values of packed and unpacked erythrocytes processed at -100°C (Table 1) might be used to 
suggest that the scattering of electrons within the 0.lum-thick cryosections is not a 
significant factor in our studies. However, because the mean erythrocyte Na concentration 
values are so variant we are somewhat reluctant to draw this as a firm conclusion until 
further studies with larger sample sizes have been made. 
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TABLE 1.--X-ray microanalysis data on intracellular concentration of Na, Cl, and K freeze- 
dried cryosections of erythrocytes estimated under different packing and processing temper- 
ature conditions (concentration in mM/kg dry weight, means + S.E.M.); ten erythrocytes were 
analyzed in each condition. 
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Conditions Na Cl K 


iD Packed -100°C 35 + 10 173 + 15 244 + 15 
2. Packed -40°C 64 + 5 207 + 38 302 + 5 
3. Unpacked -100°C 120 + 11 208 + 18 288 = i2 


4.  Unpacked -40°C 9 3:22. 30 Spr Bae 242 + 10 


TABLE 2.--Comparison of the mouse intraerythrocyte concentration of Na, Cl, and K as deter- 
mined by wet chemical analysis and by electron probe x-ray microanalysis (mM/kg H)0). 
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Technique Na Cl K 
Extraction and 
chemical analysis* 8 - 15 93 - 108 133 ~ 166 
Microprobe 
analysis 


(uncorrected for 


extracellular space) 20 + 6 101i + 9 142 + 9 
(corrected for extra- 
cellular space)** 15 97.4 142.2 


*Range of values is from six different mouse strains as reported by Benos 
(2). The determinations were made on extracted dried pellets of erythrocytes 
using atomic absorption spectrophotometry for Na and K and using coulometric 
titration for Cl. Water content and extracellular spaces were measured and 
used in the calibrated concentration values. 


**These data were obtained on packed erythrocytes which were cryosectioned 
and cryosorbed at ~100°C. The measured water content of the erythrocytes was 
63.2 + 1.9 percent (n=3 determinations) while the mean extracellular (3H 
inulin) space ranged from 2.0 to 5.1 percent and averaged 3.6 percent. The 
concentration of extracellular Na, K and Cl used in the extracellular space 
correction were Na=140mM, K=6mM and C1=120mM. 
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From the present study we do feel safe in concluding that we have developed and vali- 
dated a procedure for the accurate quantification of intracellular electrolytes using 
energy-dispersive electron-probe x-ray microanalysis in thin cryosections of mouse eryth- 
TOCYCES. 
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ANALYTICAL PROCEDURES FOR BULK FROZEN-HYDRATED BIOLOGICAL TISSUES 
Patrick Echlin, T. L. Hayes, and M. McKoon 


The main advantage of using solid frozen samples for elemental x-ray microanalysis is the 
ease with which they may be prepared and maintained in the frozen-hydrated state. Within 
the limits imposed by the reduced spatial resolution of the method, the morphological iden- 
tification of the tissue components is comparatively easy. These advantages are offset by 
the limited spatial resolution and the difficulty in obtaining quantitative analytical 

data from rough surfaces of solid samples. A consequence of these limitations is that 

the analysis of frozen-hydrated samples should generally be restricted to studies at the 
tissue and cellular level. 

Bearing in mind these limitations, we have carried out an analysis for several elements 
in the developing root tips of Lemna minor L (Duckweed). A detailed description of the 
specimen preparation techniques, instrumentation, and x-ray analytical procedures are 
given in a recent paper.! In brief, fresh root tips of Lemna minor L, briefly encapsu- 
lated in a polymeric cryoprotectant, are quench frozen in melting nitrogen at ca. 70°K 
and transferred to the pre-cooled cold stage of an AMray Biochamber, a high-vacuum chamber 
attached to the column of an SEM via an air lock which allows frozen specimens to be frac- 
tured, etched, and coated at low temperature (100°K) and high vacuum 1-10 uPa) before 
being transfered via a second air lock to the pre-cooled cold stage of an AMray 1000A SEM. 
The analysis was carried out by means of a Kevex energy-dispersive detector by use of the 
peak-to-background ratio method. 

These procedures allow us to obtain flat fracture faces (Fig. 1) in which we have been 
able to measure the relative concentrations of various elements at the various stages of 
differentiation in the root tissue. Table 1 shows the values for potassium and phosphorus 
in the xylem at various points along the long axis of the root tip. We are attempting to 
devise analytical procedures to enable us to convert these relative concentrations to ab- 
solute concentrations. Any attempt at quantitation must take into consideration a number 
of factors relating both to the specimen and the instrumentation. 


TABLE 1. Peak/background ratios for K’ and P in Lenma minor root tip xylem. 


| 
ee coe oe eee eee 


0.73{ 0.14) 0.17] 0.32] 0.16} 0.30} 0.33) 0.55 | 0.50 | 0.34 


Distance in um 1500 | 2500 | 5000 


from root tip 


Potassium 


Phosphorus 


Author Echlin is at the Botany School, Downing Street, Cambridge, England CB2 3EA; 
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CA 94720. One of us (P.E.) is indebted to the Director of the Donner Laboratory at Berke- 
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FIG. 2.--Two methods of calculating micro- 
volume in x-ray microanalysis. 


FIG. 1.--Frozen-hydrated fracture face across 
root of Lemna minor L taken approximately 
250 um from root-tip. Surface has been 
lightly etched to reveal some of the subcel- 
lular contents. Carbon coated and photo- 
graphed at 100 K and 15 keV. Small square 
(arrowed) shows size of raster used during 
x-ray microanalysis, slightly larger than 
average size of ice crystallites to insure 
representative analysis. In addition to the 
large air spaces, X = xylem; P = phloem; 

En = endodermis; Ic, Mc, and Oc = inner, 
middle, and outer cortex; Ep = epidermis. 


Spattal Resolutton 


Because the electron beam diffuses randomly in the frozen hydrated sample, there is 
still some discussion concerning the size and shape of the interactive volume. Using the 
most pessimistic range equations,?>*+ the x-ray spatial resolution for sodium is ca 4.0 um 
lateral and 8.0 um in depth at 15-17 kV. 

A recent study by Marshall* has shown that these figures are probably an overestimate, 
since the micro volume from which x rays are emitted is smaller than the limits of electron 
penetration. On the basis of the $(pz) curves provided by Marshall we have calculated that 
90% of the sodium x rays come from a microvolume 3.5 um wide and 4.0 um deep. Because 
sodium is the lightest element we have analyzed, these are the most pessimistic figures 
and the values for K+ and P will be even smaller. We are confident that the analytical 
micro volume will be confined to the individual cell being analyzed. Figure 2 gives a 
diagrammatic representation of the two methods of calculating x-ray spatial resolution. 


Peak-to-background Ratto Method 


This analytical program has been found to be more efficient and accurate than the more 
commonly used ZAF technique, which was designed for analyzing bulk samples of higher den- 
sity. The rationale behind the development and use of the P/B procedure is that since 
the characteristic and background x rays of the same energy are generated within the same 
depth distribution, they are subject to the same compositional related absorption secondary 
fluorescence and atomic number effects. These assumptions are particularly valid for 
frozen-hydrated samples, which in Lemna contain 80-90% water and can for all intents be 
considered homogeneous specimens. Another advantage of the P/B ratio method is that the 
ratio of peak area to background immediately below the peak is more or less independent 
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of the sample geometry. 


Sample Geometry 


Although the P/B ratio method is relatively insensitive to small changes in surface 
geometry, we have found that uneven fracture faces give unreliable x-ray data because of 
preferential masking and absorption. Because it is relatively easy to obtain smooth 
fracture faces, whose appearance may be readily checked by means of stereo pair photo- 
graphs, we do not consider that small variations (i.e., + 0.5 um) in the sample geometry 
contributes a significant error to the analytical procedures. 


Degree of Hydratton 


The analysis must be carried out in the fully hydrated state or where a surface layer 
has been etched to a depth of no more than 0.2 um. Lai and Hayes were able to show that 
there is a ten fold increase in the P/B ratio of a given element as one proceeds from the 
fully hydrated to the fully dried state.° In addition, the size of the interactive micro- 
volume shows a similar dramatic increase as one proceeds from the fully hydrated to the 
fully dried state. Thus the previously quoted figures of 4 x 8 um for frozen-hydrated 
material rises to 10 x 22 um if the same sample is simply frozen dried. 


Standards 


Following a suggestion by Whitecross et al.,© we have made standards incorporating 
graphite. In addition we have used a small amount of a cryoprotectant, hydroxyethyl starch 
to insure a microcrystalline ice crystal formation and a consequent homogeneity of disper- 
sion within the matrix. The standards have been prepared as follows. Aqueous solutions 
of Analar Reagent grade potassium phosphate (KH»P0,)} were made up in double distilled water 
at a range of concentration between 1000 and 10 mM. For each of the concentrations, 4 g 
of the salt solution were added to 1 g of hydroxyethyl starch (MW 450 000) that had been 
previously dialyzed against distilled water and then frozen dried. The hydroxyethyl starch 
dissolved in the salt solution by heating to 300°K. Once the polymer had dissolved, 2.5 g 
of Spec pure (TM) graphite powder grade 1 (Johnson Matthey Chemical Ltd.) were added to 
each sample and the whole thoroughly mixed. This procedure yields a series of KH2PO, con- 
centrations of 615, 308, 154, 77, 39, 19, 10, and 5 mM containing 15.4% hydroxyethyl starch 
and 38.5% graphite. Independent analysis of the distilled water, graphite, and hydroxy- 
ethyl starch using atomic absorption spectroscopy and flame photometry failed to show any 
significant levels of potassium or phosphorus. Smail droplets of each of the slurry stan- 
dards were mounted on carbon specimen holders and frozen by plunging into melting nitrogen 
at ca 70°K. The frozen standards were transferred to the Biochamber where they were frac- 
tured and subsequently analyzed at 100°K by means of a 3nA beam current and 17.5kV accel- 
erating voltage in the fully hydrated unetched, fully hydrated but surface etched, and 
frozen dried state. 

The presence of graphite eliminated any charging problems; there was a significant 
change in the peak-to-background ratios of both potassium and phosphorus between the frozen 
dried and frozen hydrated state. The presence of the cryoprotectant and the graphite 
appears to promote the production of very small ice crystals as well as giving smooth frac- 
ture faces with optimalized thermal and electrical properties. 

We have been using these standards to study the following phenomena. 


1. Conversion of the relative elemental concentrations measured in tissues to absolute 
values. 

2. Measurement of the relative changes in peak-to-background ratio of various elements 
in relation to changes in accelerating voltage and beam current. An earlier study’ has 
shown that there were only small variations in the K* P/B ratio normalized to phosphorus 
with changes in accelerating voltage in the range 10-20 keV. We are now determining 
whether changes in the individual elements are on a sufficiently regular pattern that we 
can apply corrections to analytical data obtained at different accelerating voltages and 
beam current. 

3. Measurement of the relative changes in P/B ratio for elements in the frozen-hy- 
drated and frozen-dried state where the water concentration is known. In this way it 
should be possible to measure the water content of tissues by measurement of the P/B ratios 
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of elements in the frozen-dried and frozen-hydrated states. 
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QUANTITATIVE ELECTRON ENERGY LOSS SPECTROSCOPY OF LOW CONCENTRATIONS OF CALCIUM IN 
CARBON CONTAINING MATRICES 


H. Shuman, P. Kruit, and A. P. Somlyo 


The signal collected, for a given beam current, is far greater in electron energy loss 
spectra than in x-ray spectra.!~* However, it does not directly follow that for the 
measurement of low concentrations of elements electron energy loss spectroscopy (EELS) is 

a more sensitive technique than electron probe microanalysis (EPMA); the large signal 
collected with EELS is superimposed on a very large background originating from the low- 
loss part (collective excitations) of the spectrum and the high-energy tail of signals 
originating from inner shell excitations with absorption edges below those of the element 
of interest. The low-loss Packer ound can be fitted reasonably well to a power law AE-Y 
(where E is the energy loss),° and background subtraction can be performed with this 
technique. Quantitation of relatively high concentrations of elements is feasible with a 
precision of approximately 15-20%.© However, this background-fitting method does not solve 
the problem of overlapping EELS signals, particularly when the concentration of the element 
of interest is much lower than that of another element with which its signal overlaps. An 
important problem of this type is one commonly encountered in biology, involving the 
quantitation of low concentrations of calcium in cells. Carbon is the largest component 

of biological matrices, and the most suitable EELS signal for the quantitation of calciun, ’ 
the Lo 3 edge at 350 eV, is overlapped by the carbon K-edge signal beginning at 284 eV. 

The efficiency of EELS is greatly increased by the use of parallel detection tech- 
niques;!»7~19 we have used a phosphor coupled silicon intensified video camera for this 
purpose.® Parallel collection also overcomes variations in the spectrum introduced by 
the relatively large fluctuations in the field emission gun current, but has the disadvan- 
tage of nonuniform gain due to channel-to-channel variations in the parallel detection 
system. In this communication we shall illustrate methods being developed for the quanti- 
tation of low concentrations of calcium in a carbon matrix with a parallel detection system 
corrected for nonuniform gain. Furthermore, because the Ca Lo | 3 edges are sharp (white 
lines), one can also reduce the background and correct gain variations by collecting the 
second difference of the EELS spectra. 

Figure l(a) shows part of an EELS spectrum obtained from a thin film standard of 
30 mmol/kg Ca EGTA dissolved in polyvinylpyrrolidone (PVP) (~0.1 wt.%). The spectrum was 
obtained in 80 s with a magnetic-sector spectrometer below the projector chamber of a 
Philips EM400 equipped with a field-emission gun. The Ca signal, expected to be at 350 eV, 
cannot be distinguished from the gain variation-caused fluctuations in the carbon spectrum. 
The two methods for obtaining the calcium signal and some illustrations of its application 
to biological specimens follow. 


The Second Difference Method 


Taking the second difference of the signal with respect to the energy enhances the 
sharp features like white lines and thresholds, as compared to the smooth but large and 
sloping background. It can be shown that a feature with half width of E, eV eonipated to 
a feature of similar form but half width E> eV is enhanced by a factor (E>/E,)*. Moreover 
the method can reduce the effect of the gain variation. A measured parallel recorded 
spectrum is given by 


X(n) = G(n)N{n) (1) 

The authors are at the Pennsylvania Muscle Institute and the Departments of Physiology 

and Pathology of the University of Pennsylvania School of Medicine, Philadelphia, PA 19104. 
Supported by HL15835 to the Pennsylvania Muscle Institute. 
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where n = channel number, G(n) = gain, and N(E) = number of electrons arriving in channel 
n. The numerical second difference is then 


62X = G(n - 1)N(E - 2G(M)N(E_) + G{n + 1)N(E,) (2) 


n-1? 
If, however, we measure three spectra at different decelerating voltages and take the 
second difference between these three spectra, 


SD(n) = G(n)N(E, - AE) - 2G(m)N(E_) + G(n)N(E, + OE) = G(n) 62N (3) 


the effect of the gain variations is reduced with the same factor as the background. 
Figure 1(b) shows the second difference from the data of the spectrum of Fig. l(a). The 
Ca Lo 3 white lines are now clearly visible in this (nominally) 30mmol Ca/kg dry wt. 
specimen. One can quantitate the calcium concentration by fitting this spectrum to a 
standard spectrum obtained from material containing a higher Ca concentration. The stan- 
dard contained 240 mmol/kg Ca, as measured by EPMA. Figure l(c) shows the result of the 
fitting procedure. The regions of the spectrum containing the carbon, calcium, and nitro- 
gen edges are each fitted separately to the standard plus a second-order polynomial. We 
then compare the relative height of the calcium peaks to the relative height of the carbon 
peaks. According to this fit, the concentration was 29 mmol/kg, with a statistical error 
of 2 mmol/kg. To check the consistency of the method, we have done some experiments on 
thin-film standards containing different concentrations of calcium and plotted the measured 
concentration against the nominal concentration (Fig. 2). The spread in the data is 2-3 
times larger than we would expect from statistical errors, which leads to the conclusion 
that there is room left for improvement. 


The Gatn Correction Method 


Although not to be expected over a long period, one can assume the gain in each channel 
to be constant during a short time. This feature enables the calculation of the gain 
directly from two EELS spectra, measured at different decelerating voltages: 


Ut 


X; (n) 
Xp (mn) 


G(n) N(E_) (4) 
G(n)N(E, + AE) 


Ml 


The shift of the second spectrum on the energy axis can be chosen in such a way that E 
corresponds to a one-channel shift 


N(E, + OE) = N(E.,4) (6) 


+ 


Substituting Eq. (6) in Eq. (5) and combination with Eq. (4) yields the equation: 


G(n + 1) 7 X,(n + 1) 
G(n) Xp) (7) 


from which the gain in each individual channel can be expressed relative to the gain in 
channel I: 


G(m) = G(1) —4——— (8) 


Now the real signal N(E,) can be retrieved easily. 

An assumption is, of course, that N(E) in both measurements X, and Xo was equal. If 
that is not the case (for instance, because of primary beam fluctuations), a correction is 
necessary. The result of this method, applied to the data of Fig. l(a), is shown in Fig. 
3(a). The spectrum is very much smoother, but even in this spectrum the Ca peaks are not 
directly visible. In principle, it is now possible to deconvolute the spectrum to an 
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300s 380s 400 a 10 20 30 = 40 
ELECTRON LOSS (eV) Nominal Concentration (mmol/kg) 
FIG. 1.--(a) EEL spectrum of PVP. shows fluc- FIG. 2.--Measured concentrations of calcium in 
tuations caused by channel-to-channel gain PVP, as obtained from fits of second difference 
variations of parallel detection; (b) second spectrum to spectrum calibrated by x-ray micro- 


difference according to Eq. (3); (c) fit to analysis. Points arranged by same symbol are 
standard spectrum. measured at same spot on sample. 
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FIG. 3.--(a) Same spectrum as shown in Fig. FIG. 4.--(a) EEL spectrum of terminal cister- 
]{a)}, after correction for gain variations; nae of frog muscle; (b) after subtraction of 
(b) enlarged part of spectrum (a) after sub- straight line, showing Ca Ly 3 white lines; 
traction of similar spectrum, containing no (c) second difference spectrum. 

calcium, plus straight line. = a ee eo 
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FIG. 5.--(a) Second difference of EEL spectrum 
of I-band of frog muscle cytoplasm; (b) fit to 
second difference of spectrum (a). 
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equivalent zero-thickness spectrum!? and find the relative contributions of the different 
elements by fitting to library or computed pure element spectra. We are in the process 

of testing these procedures. As a preliminary result, we show in Fig. 3(b) the difference 
between the spectrum of Fig. 3{a) and a similar spectrum containing no calcium plus a 
straight line. It shows that the height of the Ca Log 3 lines is only 0.0035 of the back- 
ground. 


Btologteal Applteattons 


In most biological systems, calcium occurs either sequestered in organelles at high 
concentrations or distributed throughout the cytoplasm at relatively low concentrations. 
The best-studied example of this type of intracellular calcium distribution is in resting 
striated muscle, in which most of the intracellular calcium is localized in the terminal 
cisternae (TC) of the sarcoplasmic reticulum (SR).!2-!5 In resting skeletal muscle the 
concentration of Ca is approximately 120 mmol/kg dry wt. in the TC!*>!° and about 3 mmol/ 
kg dry wt. in the I-band (thin filaments). The precision of the EPMA measurements of the 
low concentrations of Ca in the presence of high concentrations (about 500 mmol/kg dry 
wt.) K in normal muscle is somewhat reduced due to the overlap between the potassium KB 
and calcium Ka x-ray peaks. In the A-band (myosin filament) region of ETO skeletal 
muscle Ca is not detected with EPMA when this region is exposed to free Ca** concentrations 
comparable to in vivo resting levels.!’ EELS spectra were obtained from TC, I-band, and 
A-band regions in the same cryosections (~100-150 nm thick when wet) of rapidly frozen, 
relaxed semitendinosus muscles.!*+ Second difference EELS spectra were collected in 45 s 
by focusing an approximately lnA probe on individual TC. The EELS spectrum of TC displayed 
in Fig. 4(a) is summed from 10 different TC and thus represents a total collection time 
of approximately 450 s. In Fig. 4(b) a straight line is subtracted to show the high 
signal to noise obtainable with this method. STEM imaging with real time processing has 
been demonstrated for high Ca concentrations.!® We anticipate that with parallel collec- 
tion imaging is also possible for these low concentrations, with measurement times less 
than 1 s per pixel. 

A summed EELS second difference spectrum from the I-bands of the same muscle fibers 
is shown in Fig. 5, together with the best fit to the spectrum of the high calcium con- 
taining TC. We made corrections for minor shifts in the absolute energy values of the 
edges (due to stray fields, instrumental instabilities, etc.) by performing a cross 
correlation between the standard and unknown spectra, and shifting the standard by the 
appropriate amount. The Ca/N and Ca/C ratios for the I- and A-bands relative to the TC 
are 


(Ca/N)/(Ca/N),~  (Ca/C)/ (Ca/C) 


I-band 0.0134 + 0.0006 10.019 + 0.001 
A-band OF00 5: te 0005 0.006 + 0.001 


The errors given are the statistical errors; the real error is larger since the re- 
duced y* value of the fit was xy? = 4.5. The A-band measurement is too close to the limits 
of quantitative precision to draw any reliable conclusions about the absolute concentra- 
tion present in this region. Obtaining the Ca concentration relative to that of nitrogen 
has the distinct advantage of eliminating the contribution of carbon supporting film to 
the carbon K-edge loss in EELS. However, the rate and final extent of nitrogen loss due 
to radiation damage, known to occur in model compounds, !8>1!9 has not been determined in 
proteins. Therefore, the effects of radiation damage on nitrogen loss from protein and 
from standards (e.g., PVP) will have to be determined. The deconvolution of plural scat- 
tering!!,2° will also be desirable for eliminating thickness-dependent effects on the 
concentrations measured. Even in the cryosections used for these studies in which spectra 
were obtained from the TC and regions of the I- and A-bands that were adjacent (and there- 
fore presumably cut to equal thickness), the mass thickness of the TC and A-band are still 
higher than that of the I-band, due to a relatively higher degree of hydration (lower 
protein content) of the latter. Plural scattering removes the loss edge electrons from 
the edge region and transfers them into a higher loss, broadened domain. This action 
results in an underestimate of the Ca signal, although normalization to the nitrogen or 
carbon edges reduces the error in the calculated concentrations. However, given these 
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precautions, EELS promises to be a sensitive and reliable means of quantitating calcium 
in biological material. 
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PHOTOELECTRON MICROSCOPY OF BIOLOGICAL SURFACES 
QO. Hayes Griffith 


When a surface is illuminated by light of sufficiently short wavelength, electrons are 
ejected from the surface. Most students encounter the photoelectric effect in freshman 
physics and chemistry textbooks in the form of Einstein's photoelectric equation 

KE, = hv - ¢, which stresses the relationship between the maximum kinetic energy KE, of 

the photoelectron, the energy of the photon hv, and the work function ¢ of the surface. 
This equation has played an important role in the development of the quantum theory, ex- 
plaining the observed dependence of electron energy on radiation frequency. Less widely 
appreciated is that valuable information can be gained from observing where the photoelec- 
trons leave the surface. To gather this information one must accelerate the photoelectrons 
as they emerge from the surface and image them with an electron optics system in an instru- 
ment called the photoelectron microscope (PEM or photoemission electron microscope). The 
first low-power emission microsopes, including photoelectron microscopes, pre-date 
transmission electron microscopy (TEM) and scanning electron microscopy (SEM), but until 
recently PEM has remained an obscure and relatively unknown technique. Nevertheless the 
physics is reasonably well understood! and in the 1970s the successful imaging of organic 
and biological specimens has broadened the interest in photoelectron microscopy.* Further- 
more, the advent of modern ultrahigh-vacuum techniques, image intensifiers, and related 
technology has made this technique more practical and worthy of serious consideration in 

a wide range of surface studies. ° 


Comparison of PEM and SEM 


A comparison of PEM and SEM is shown schematically in Fig. 1. In PEM a large area of 
the specimen is irradiated with UV light and the photoelectrons are stmultaneously collec- 
ted from the entire area contributing to the image. In SEM an electron gun scans the spec- 
imen and the image is collected from a small spot point by point. In both techniques elec- 
trons are produced at various depths in the specimen. The electron escape depth D, in PEM 
is extremely short, which means that this technique has a very high depth resolution. The 
depth resolution in SEM is good, but less than that in PEM.” In both techniques the emit- 
ted electron beams carry sharply defined information from surface details along with infor- 
mation from below the surface which is more diffuse, but PEM and SEM image this information 
differently. In PEM the sharply defined detail is imaged separately and superimposed on 
any diffuse information. In SEM, secondary electrons are emitted from within the escape 
depth Dop under the probe and also the surrounding bloom area. Some of these secondary 
electrons are generated by backscattered electrons from greater depths. All these secon- 
dary electrons are collected in the SEM to give a larger depth of information, and hence 
poorer depth resolution. ° 

Another difference between PEM and SEM is that PEM excites the valence electrons where- 
as SEM probes most electronic states, in particular the core electrons. This is a direct 
consequence of the input energy. The UV excitation lamp in PEM is normally only 4-6 eV, 
barely above the threshold of photoemission, whereas the scanning beam of electrons in SEM 
has energies greater by three or four orders of magnitude. Material contrast in PEM arises 
from differences in the valence electron structures much in the same way as in fluorescence 
microsopy. Two molecules with similar elemental analyses can have very different photoelec- 


The author is at the Institute of Molecular Biology, University of Oregon, Eugene, OR 
97403. He wishes to thank Dr. Karen Nadakavukaren for her continued involvement in the 
cell biological aspects of this program and D. kL. Habliston for expert technical assist- 
ance, Also acknowledged are useful discussions with Drs. G. B. Birrell, W. A. Houle, and 
Patricia Jost. This work was supported by PHS grant CA11695 from the National Cancer Inst. 
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--Comparison of PEM and SEM physical processes: 
in PEM there is no electron gun and UV light provides 


energy to photoeject electrons; in SEM specimen is 
scanned with tightly focused electron beam, 


tron quantum yields. For example, 
w-conjugated hydrocarbons are much 
more photoemissive than saturated 
hydrocarbons.®' This difference 
would be difficult to detect by 
SEM but on the other hand SEM and 
related microbeam techniques equip- 
ped with the appropriate detectors 
excel at elemental analyses, a 
property of the core electrons. 
Thus, in many respects PEM and SEM 
are complementary techniques and 
provide different information about 
biological surfaces. 


Instrumentation 


Figure 2(a) shows a simplified 
diagram of a photoelectron micro- 
scope and Fig. 2(b) is an enlarge- 
ment of the area around the speci- 
men. Light from UV short-are metal 


vapor lamps is reflected off the anode mirror onto the specimen surface, a geometry origi- 


nally suggested by Engel to maximize the solid angle of illumination.’ 


The specimen is 


maintained at high negative potential so that the emitted photoelectrons are quickly ac- 


celerated to 30-40 kV before entering the TEM-like electron optics system. 


In our instru- 


ment the objective, intermediate, and projector lenses are electrostatic unipotential 
lenses because this design is readily incorporated into an ultrahigh vacuum system, but 


magnetic lenses can also be used. 


screen fiber-optically coupled to a TV-image intensifier for viewing and focusing. 
ternal camera provides the permanent micrographs. 


The electrons are imaged on an aluminized phosphor 


An in- 


The current resolution of PEM is of the 


order of 100 A and the design limit of the present instrument is approximately 40 A, 
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FIG. 2.--(Ca) Photoelectron microscope and (b) UV optics 


that focus light on specimen. 


Not shown: cathode 


cup that surrounds specimen (except for central 3mm- 
diameter aperture to allow UV light in and electrons 


out). 


This PEM is a stainless-steel, ultrahigh-vacuum 


instrument with copper seals and bellows in place of 


dynamic O-rings. 
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FIG. 3,--PEM micrograph of uncoated normal FIG. 4.--PEM micrograph of uncoated epi- 


rat fibroblast cells (Rat-1 cell line) thelial cells (PtK2 cell line) grown on tin 
grown on serum-coated conductive (tin ox- oxide coated glass disk coated with serum 
ide coated) glass disks. Cells were fixed and prepared for immunofluorescent visuali- 
in a 2.5% glutaraldehyde (0.25 mM HEPES zation of keratin.® Cells were fixed and 
buffered saline), deydrated through graded permeabilized in 220.0 methanol, rinsed with 
series of ethanol in water followed by 1:1 distilled water and phosphate buffered sa- 
ethanol:amyl acetate and 100% amyl acetate, line, and treated with rabbit anti-keratin 
and dried in stream of warm air. Aper- antibody followed by rhodamine-conjugated 
ture, 50 um; exposure time, 40 s. goat anti-rabbit IgG. Before insertion into 


PEM,specimen was fixed in 2.5% gluaraldehyde 
(0.1 M Na cacodylate, 0.1 M sucrose, pH 7.4) 
and dehydrated as for Fig. 3. Aperture, 50 

ym; exposure time, 40 s. 


Results and Discusston 


A representative image obtained with the photoelectron microscope is shown in Fig. 3. 
This photoelectron micrograph is of a culture of cells that has been grown to near con- 
fluency on the substrate. Requirements of the substrate are that it must be flat and con- 
ductive, and preferably nonreflective. In this case the substrate is a round glass micro- 
scope coverslip (5mm diameter) which has been coated with tin oxide to make it conductive. 
The cultured cells are sufficiently conductive without any special treatment or metal coat- 
ing. Easily recognized in Fig. 3 is the characteristic spindle shape of the fibroblast 
cells, the nuclei, nucleoli, elements of the cytoskeleton (e.g., stress fibers) and the 
cell membrane particularly near the cell peripheries. 

Figure 4 is a photoelectron micrograph of PtK2 cells grown on the same substrate but 
in this case treated for the immunofluorescent visualization of keratin, an intermediate 
filament occuring in epithelial celis. Figure 4 illustrates the characteristic cobble- 
stone appearance of a group of these cells growing together, each with a single nucleus 
and one nucieolus. The cytoskeletal elements are made more prominent in this preparation 
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FIG. 5.--(a) Fluorescence micrograph and (b) photoelectron micrograph of identical rat 
fibroblast cells (Rat-1 cell line) at comparable magnifications; (c) enlargment of an area 
of (b). Cells were prepared for immunofluorescent visualization of actin and then fixed in 
3.7% formaldehyde in PBS, permeabilized with 20°C acetone, treated with mouse monoclonal 
anti-actin antibody followed by rhodamine-conjugated goat anti-mouse mixed Ig's.® After 
fluorescence microscopy cells were fixed in 2.5% glutaraldehyde and dehydrated for PEM, as 
for Figs. 3 and 4. Aperture, 50 um; exposure time, 10 s. 


by the permeabilization procedure which disrupts the membrane and allows the antibodies to 
reach and bind to the cytoskeleton. The photoelectron microscope does not detect the rho- 
damine dye in the low concentrations and after the long UV exposure times used here. In- 
stead, the cytoskeletal elements are made visible by topographic contrast. The low kinetic 
energies of the electrons and the presence of the high electric field across the specimen 
in PEM have the important consequence that very small variations in surface height markedly 
influence the electron trajectories, so that PEM is especially sensitive to topography. 
This topographic contrast is an advantage in detecting fine details such as cytoskeletal 
elements in biological structures and can be a limitation when large variations in topog- 


raphy are encountered. 
Nadakavukaren et al.* established recently that it is possible to perform both fluo- 
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rescence and photoelectron microscopy on the same cells and to identify by this procedure 
some of the cytoskeletal structures that can often be seen in photoelectron micrographs 

of whole cells. The most commonly encountered structures are the actin-containing cyto- 
skeletal elements, since nearly all eukaryotic cells are rich in this protein, and some 
cell lines, such as the rat fibroblast and PtkK2 epithelial cells, have well-developed 
stress fibers. Figure 5 shows (a) a fluorescence micrograph and (b) and (c) photoelectron 
micrographs of the same area of a rat fibroblast specimen. Arrows mark some of the many 
stress fibers that can be located in both types of micrographs. Comparisons such as this 
one build confidence that the photoelectron micrographs provide a faithful image of the 
biological structures, and that they can be readily interpreted and used in conjunction 
with the more established microscopic techniques, This comparison also demonstrates that 
the photoelectron micrographs, as predicted, contain much higher resolution detail than 
the corresponding fluorescence micrographs. One among many of the promising areas of ap- 
plication of PEM involves the development and use of photoelectron markers in conjunction 
with monoclonal antibodies to extend the immunofluorescence microscopy experiments to high 
resolution. The ultimate goal is to map cell surfaces at single protein resolution, 
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MICROBEAM ANALYSIS OF RESTING RAT PAROTID GLAND 
K. T. Izutsu, D. E. Johnson, E. S. Wang, Arnold Tamarin, W. Y. Ensign, and M. K. Goddard 


The application of microbeam analysis to salivary gland freeze-dried sections promises to 
yield important findings about salivary ae function in normal and pathological situa- 
tions. Recent publications using insect’ and rat? salivary glands demonstrate the poten- 
tial value of the method. We used microbeam analysis to measure elemental concentrations 
in cytoplasm and secretory granules in rat parotid glands. The elemental concentrations 
in these two cellular compartments differed significantly, and the measured concentrations 
depended on the experimental format. Procedures requiring significant time before tissue 
sampling was completed generally resulted in higher intracellular sodium levels than pro- 
cedures that allowed immediate sampling. 


Experimental 


Male, Sprague-Dawley rats weighing approximately 300 g were manually restrained and 
anesthetized with nembutal (i.p.). Rats were then either intubated after the trachea was 
exposed by a ventral approach, or not. One of the parotid glands was exposed, and small 
pieces of gland approximately 1mm in the longest dimension were dissected and laid over 
stainless-steel chucks. Care was taken to keep the dissected area away from the apex of 
the chuck in order not to sample injured cells. The chucks were rapidly plunged into 
stirred Freon 22 kept at -156°C in a liquid-nitrogen bath. Samples were stored under 
liquid nitrogen until sectioned. In some instances, 30 min was allowed to transpire be- 
tween exposure of the gland and the first sampling. 

A Sorvall MT2-B cryoultramicrotome and glass knife were used to prepare sections. The 
cold-bowl temperature was maintained at -100°C. Dry-cut sections were transferred to cop- 
per double grids precoated with formvar and carbon and freeze-dried in an Edwards high- 
vacuum evaporator. Freeze-dried sections were examined in the electron microscope (JEOL- 
100C) in both TEM and STEM modes. All spectra were collected by means of STEM. Energy- 
dispersive x-ray spectra from various cellular structures were recorded, stored, and ana- 
lyzed by the super ML routine designed by Shuman et al.? The resulting concentrations 
were stored and analyzed by SPSS routines on a CDC Cyber 170-750 computer, 

Salivary gland acinar cells along with secretory granules and nuclei were readily dis- 
cernible in the freeze-dried sections (Fig. 1). However, the microbeam analysis results 
depended on how the animals were handled prior to gland sampling. Animals subjected to 
tracheal intubation had higher cytoplasmic Na concentrations than nonintubated animals 
(447.1 + 46.1 mM/kg dry mass vs 92.7 + 23.6 mM/kg). Similarly, if there was an appreciable 
period (about 30 min) between exposure of gland and sampling, Na levels were again elevated. 
These results indicate care must be used when tissues are handled in preparation for 
freezing. 

The results of microbeam analysis of freeze-dried sections from rapidly frozen gland 
samples are given in Table 1. All elemental concentrations except S, Cl, and Ca were sig- 
nificantly lower in secretory granules (SG) than in cytoplasm. S and Ca levels were sig- 
nificantly higher in SGs. Cl levels were not significantly different. 


Cone Lustons 


Microbeam analysis appears to yield useful information about subcellular elemental 
concentrations in freeze-dried sections prepared from salivary glands. 


Authors Izutsu and Ensign are in Oral Biology/Oral Medicine, author Tamarin is in Oral 
Biology and Biological Structure, and authors Johnson, Wang, and Goddard are in Bioengi- 
neering, in the Schools of Dentistry and Medicine, University of Washington, Seattle, WA 
98195. NIH support is acknowledged. 


FIG. 1.--Electron micrograph of freeze-dried cryosection prepared from rat parotid gland. 


Acinar cells are readily discernible as are intracellular secretory granules (S), nuclei 
(N), and rough endoplasmic reticulum (RER). 


TABLE 1.--Elemental analysis of rat parotid gland organelles. (in mM/kg dry mass). 


Organelle 


1. Cytoplasm 


X 677.40 182.33 | 561.35 | 29.20 
SEM- ‘ 48.8] 23.46 41.20 | 4.71 
n 28 spectra from 5 rats 


2. Secretory Granule 


x 29.43 | 29.91 | 211.75 | 184.19 ; 247.85 | 86.99 
SEM 5.1] 213 15.63 6.01 com 16.37 4.81 
n 34 spectra from 5 rats 


. 000 


eee .014 . 000 . 000 . 000 


(t-test between 1 and 2) 
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CALCIUM LOCALIZATION IN MAMMALIAN SKELETAL MUSCLE 
M. K. Goddard 


It is commonly believed that the release and uptake of calcium from the terminal cisternae 
(TC) of the sarcoplasmic reticulum (SR) is a major component of excitation-contraction 
coupling of skeletal muscle.+ Isolating SR produces abnormalities in SR membrane transport 
properties which are not representative of the im vivo state. The smallness of the SR has 
inhibited direct introduction of indicators of vesicular cation concentration. In studies 
of amphibian skeletal muscle whose TC are five times as large as mammalian TC, Winegrad 
inferred from his autoradiographic studies that the terminal cisternae is the major calcium 
storage site for the cell,* whereas Somlyo went on to show that the magnitude of the Ca 
released by the terminal cisternae is sufficient to saturate the calcium binding proteins 
in amphibian skeletal muscle.* The purpose of our study is to determine if the above 
conclusions are applicable to mammalian skeletal muscle. 


Procedures 


Soleus muscles from anesthetized Sprague-Dawley 200g female rats were dissected intact, 
and incubated in oxygenated room-temperature Ringer's during removal of connective tissue 
from the exterior of the muscle. After coupling to a Kistler-Morse DSC-6 force transducer, 
the muscle was allowed to incubate for 1] hr in the above solution, or one in which 50 mM 
NaCl had been replaced by 50 mM NaCoEDTA (Cobaltic EDTA is nontoxic).* One hour is far 
more than enough time to allow CoEDTA to diffuse into T-tubules, and serves to allow dis- 
tinguishing viable cells with high Kt/Cl™ ratios from damaged cells with low ratios. After 
incubation, the muscle was frozen via plunging into propane slush (T = -182°C) while still 
coupled to the force transducer. Thin sections (1000-2000 A) obtained by means of a Sorval 
MT2-B ultramicrotome were placed on a copper 100-mesh carbon-coated formvar grids, freeze- 
dried, and analyzed by a JEOL 100C interfaced with a Kevex 7000 EDS x-ray microanalysis 
system. The quantification routine used is the super ML package described by Shuman, ° 
which employs the basic Hall continuum theory. Calibrations (W values) were obtained by 
the use of albumin and binary salts.° 


Results and Ditscusston 


Figure 1 shows a conventional micrograph of a freeze-dried rat soleus muscle section 
obtained by the above procedure. The low degree of freeze damage, along with careful pre- 
freezing tissue handling, have allowed the M and Z lines, the A-I band, and mitochondria 
to be all clearly visible. However, owing to the size of the terminal cisternae (approxi- 
mate diameter 1500 Ay® and the T-tubule (diameter 200 Aj coupled with the inherent low 
contrast of freeze-dried sections, the triadic region normally is not visible. 

To identify more accurately the triadic region, NaCoEDTA was incorporated into the 
perfusate. Jt is an ideal extracellular marker for x-ray microanalysis owing to its non- 
toxicity (the affinity constant for CoEDTA is 103° mM-!), and the isolated peak location of 
Co in the spectrum at 6.93 keV. Figure 2 shows the extracellular nature of the CoEDTA 
molecule in analysis performed on sections from depolarized rat soleus muscle incubated in 
100 mM NaCoEDTA-Ringer's solution and frozen in Freon 22. The spectrum clearly shows that 
CoEDTA enters the T-tubule, but not the cell. 

Preliminary analysis of relaxed soleus muscle's triadic region, A-band, and mitochon- 
dria indicate that the preparation does not damage the tissue and that calcium levels in 
terminal cisternae are high compared to all other intracellular locations. In healthy 
cells (K/Cl ratio ~6), a calcium concentration of 16 + 6 mmoles/kg dry weight (mean + SD, 
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FIG. 1.--Freeze-dried rat soleus FIG. 2.--Cobalt localization in T-tubule. 
muscle: Z = Z line, M = M line, 
A = A band, Mi = mitochondria 


N = 6) was found in the triadic region, and negligible amounts (<2.0 mmoles/kg dry wt.) 
were located in the A-band. Since the scan area used (0.1 um?) is approximately three 
times the area that conventional stereological analysis assigns to the terminal cisternae 
of one triad,® we calculate a calcium concentration in the terminal cisternae of about 

50 mmoles/kg dry wt. 


Summary 


Experimental procedures have been developed to allow analysis of localized concentra- 
tions of intracellular Ca in the terminal cisternae of mammalian skeletal muscle. Na 
oEDTA has been synthesized and has been shown to diffuse into the T-tubule. Experiments 
currently are being performed with CoEDTA as a T-tubule marker, which thus allows for 
accurate identification of the triadic region and accounts for the contribution of T-tubu- 
lar Ca to the triadic Ca measurements. This approach should allow accurate testing of the 
hypothesis that all necessary Ca for contraction in mammalian skeletal muscle resides in 
the terminal cisternae. ’ 
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QUANTIFICATION OF MERCURY LOSSES DURING BIOLOGICAL SPECIMEN PREPARATION AND X-RAY 
MICROANALYSIS 


A. R. Crooker, D. E. Johnson, and N. K. Mottet 


The environmental mercury problem and the toxicity of mercury and its compounds are widely 
recognized. Mercury is widespread in the environment, accumulates in fish and wildlife, 
and poses real and potential hazards to the human population. In humans, the principal 
toxic effects of inorganic mercury involve the liver and kidney. Organic mercurials such 
as methylmercury have a more pronounced effect on the central nervous system. 

Mercury is often present in extremely small amounts in biological samples. X-ray 
microanalytical, histochemical, and autoradiographical studies of subcellular mercury dis- 
tribution have typically utilized conventional preparation procedures, i.e., chemical fixa- 
tion, dehydration, and embedding. Although these studies have yielded useful information, 
conventional processing is likely to elute a considerable portion of the heavy metal and 
may also cause its translocation. Mercury may be undetectable because of processing losses. 

Researchers have often noted the dimunition of mercury x-ray signal during microanalysis 
of test specimens, sediments, or organisms environmentally or experimentally exposed to 
mercury.'»* This elemental mass loss varies somewhat depending on the form of mercury 
present. Since mercury is volatile under vacuum and in the electron beam, and because low 
concentrations of mercury are common in samples, analysis is often unsatisfactory. 

The present investigation was undertaken to examine ways to minimize mercury loss 
during processing of biological samples for microscopy and during examination of these 
samples in the electron microscope. Radioactive mercury and electron microscope x-ray 
microanalysis were used to monitor mercury losses and mercury-cell interaction. Organ 
cultured rat cerebellum was used as a model system for the studies. 


Mereury Losses Durtng Processtng for Microscopy 


Cerebella from 20-day fetal rats were cultured in serum-free media by a modified Trowell 
technique.* Methylmercury hydroxide was added to the culture medium (Waymouth's MB 752/1 
with l-glutamine supplemented with albumin, insulin, thyroxine, and transferrin) to give 
a final concentration of 1.0 ppm and cultured for 2 days at 35.5-36.0°C. 

The external granular layer of the cerebellum, as seen in conventional thin sections, 
shows typical signs of methyl mercury exposure (Fig. 1). The chromatin of the nucleus is 
clumped and organelles have completely dissolved; the cell sap is expanded and pale. Mer- 
cury cannot be detected by x-ray microanalysis because of low initial concentrations and 
losses during processing. 

203Hg (#93He methylmercury chloride) added to the culture media (1 ul 203H9/10 ml 
media, specific activity 0.5 mCi/mg, concentration 0.3 mCi/ml) was used to monitor mercury 
loss during preparation of cultured cerebellum for conventional microscopy. Results are 
presented in Fig. 2. Each step in the preparation procedure contributes to loss of labeled 
mercury. The steps involved in fixation contribute approximately 25% of the loss; dehydra- 
tion, 30%: and embedding, 15%. The embedded sample contains only approximately 30% of the 
203Hg label originally present in the specimen, These results are roughly similar to in- 
formation obtained by De Filippis for mercury losses in corn leaf tissue. 

In contrast to the conventionally prepared cerebellum, cultured cerebellum labeled 
with *93Hg and cryofixed by a rapid plunge into Freon 22 cooled to -165°C with liquid nitro- 
gen retained 90-95% or more of the initial label after freeze drying. Mercury can be demon- 
strated by x-ray microanalysis (in this case, of a lysosome in the external granular layer) 

Authors Crooker and Mottet are with the Department of Pathology (SM-30); author Johnson 
with the Center for Bioengineering (WD-12), University of Washington, Seattle, WA 98195. 
Supported by NIEHS grants ESO07032 (training), ES02190 (center), and ES0677 (research). 
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of the cryofixed material which 

has been cryosectioned dry at 
-100°C and examined unstained after 
freeze drying (Fig. 4). The mer- 
cury peaks are well resolved above 
background. For example, for Hgj)q 
at 10 keV, the peak is 600 counts 
above a background of 1000 counts. 


Mercury Loss Durtng Examinatton tn 
the Eleetron Microscope 


Mercury loss under conditions 
encountered during x-ray micro- 
analysis in a scanning electron 
microscope operated at 30 KV and 
150 vA emission current has been 
quantified by Bistricki using 

03Hg.! Fast scans and small dia- 
meter probes showed the least de- 
crease in gamma counts with speci- 
men supports of the same conduc- 
tivity. When support conductivity 
was varied, count rate dropped as 
resistance was increased. 

Bistricki's data indicate that 
even with careful instrumental 
manipulation, significant mercury 
loss may still occur, especially 
with the long counting times often 
necessary for samples containing 
low concentrations of mercury. 

Cryo electron microscopy is 
often cited as a promising plan 


FIG. 1,<-External granular layer cells of organ cul- for protection against radiation 
tured rat cerebellum after treatment with methylmer<. damage.° The most readily avail- 
cury hydroxide. Chromatin of the nucleus (N) is able instrumentation for this pur- 
clumped and organelles have completely dissolved; pose is the conventional electron 
the cell sap (CS) is expanded and pale. microscope equipped with a cooling 


accessory such as a liquid nitrogen- 
cooled cold stage. The following experiments were performed with a cold stage to evaluate 
the effects of lower specimen temperature on mercury mass loss. 

Specimens were prepared from aqueous solutions of 1000 ppm methylmercury hydroxide 
which was pipetted onto 75 mesh carbon-coated Formvar grids and air dried before examina- 
tion in the electron microscope. 

Specimens were analyzed in.a JEOL 100C scanning transmission electron microscope equip- 
ped with an energy dispersive x-ray system. A computer program was used to control acqui- 
sition and analysis of sequential x-ray spectra, which allowed any number of elements or 
X-ray energy regions to be monitored for changes in elemental composition with time. 

Count rate information provided data on element specific specimen changes. This proce- 
dure for mass loss determination was developed by Jay Hecker, Department of Pediatrics, 
erie tees of Virginia, while working at the Microprobe Facility, University of Washing- 
ton. 

Mercury mass loss was pronounced during analysis at room temperature, but much reduced 
at the cold stage temperature of approximately -180°C (Fig. 3). The solid and dashed lines 
represent the model used--a linear least-squares fit to an exponential decay with offset. 
The count rate at room temperature decreased from an initial rate of approximately 450 
counts/5 s to less than 50% of the initial count rate during the exposure period. In con- 
trast, the count rate for the same exposure showed a barely perceptible drop from initial 
levels when the cold stage was used. The results shown are typical of four trials. 
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400 Conelustons 


The present investigation dem- 
‘CH3 Hg Cl onstrates the importance of speci- 
men preparation and examination 
techniques for the analytical elec- 
tron microscopy of samples contain- 
ing mercury. Cryofixation of 
203Hg labeled organ cultured rat 
cerebellum, followed by freeze 
drying, preserves nearly all the 
radioactivity initially present 
in the sample. Because of the high 
mercury retention, mercury can be 
detected in freeze dried cryosec- 
tions (cut dry and not stained) of 
mercury exposed cuitured cerebellun, 
whereas mercury cannot be detected 
TREATMENT in similarly exposed, conventional- 
ly prepared (fixed, dehydrated, and 
FIG. 2.--Percentage loss of *93Hg from organ cultured embedded) material. Mercury loss 
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rat cerebellum during conventional processing for during examination of samples in 
electron microscopy. Each result is average of 3 the electron microscope can be 
experiments involving 6 pieces of cultured cerebellum slowed dramatically by use of a 
per experiment. Losses of radioactivity are ex- liquid nitrogen-cooled cold stage. 
pressed as percentage loss of initial radioactivity Unstained, freeze-dried cryo- 
per piece of tissue. Treatment numbers refer to par- sections of cryofixed material and 
ticular stages in preparation procedure: (1) 3% low temperature observation tech- 
cacodylate buffered glutaraldehyde fixation, 1 hr; niques have not been used previ- 
(2) buffer rinse, 1 hr; (3) buffer rinse, 1 hr; ously in mercury toxicity studies. 
(4) 2% osmium tetroxide in distilled water post-fix- The techniques are important in 
ation, 1 hr; (5) distilled water rinse, 0.5 hr; preserving the small amounts of 
(6) 30% ethanol, 0.25 hr; (7) 50% ethanol, 0.25 hr; mercury often present in environ- 
(8) 70% ethanol, 0.25 hr; (9) 90% ethanol, 0.25 hr; mentally or experimentally exposed 
(10) 100% ethanol, 3 changes, 0.5 hr; (11) 50% resin, organisms. An additional advantage, 
50% propylene oxide, 2.0 hr; (12) resin after poly- not examined here, is that trans- 
merization, 24 hr. location of diffusible substances 


such as unbound mercury and physio- 
logically important ions is minimized. 
Cryopreparative technique and low temperature observation in the electron microscope 
will be important in future x-ray microanalytical studies of mercury toxicity. 
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FIG. 3.--Mercury loss with cold stage at room temperature (solid line) and cold stage at 


liquid nitrogen temperature (dashed line). 
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FIG. 4.-~X-ray spec- 
trum from lysosome 
in external granular 
layer of cryosection 
from organ cultured 
rat cerebellum. Mer- 
cury peaks are well 
defined. 
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10 
Raman Microbeam Analysis 


RAMAN MICROANALYSIS OF DEFECTS IN INDUSTRIAL MATERIALS 


Helgard Boyer 


The analysis of defects in industrial material is always related to problems that appear 
during the production or storage proceedings. The final use of the manufactured product 
determines whether the defect can be tolerated and what kind of solution has to be found. 
The infrastructure of the laboratory in charge of examining the defect, and financial and 
even psychological aspects affect the positive decision for the choice of a real new tech- 
nique, such as the microanalysis by Raman snectroscony must still be considered. 

One of the aims of our Laboratory is to demonstrate various aspects of the work with 
this method to help a future customer make a decision. The importance of each aspect var- 
ies with the industry in question and even with samples. To illustrate, we select some 
new applications on samples from the glass, polymer, and metallurgy industries. 


General Aspects 


As defects are of a hazardous nature it is a particularly important advantage of Raman 
microanalysis to provide chemical and physical information about organic and inorganic 
species. 

Most of our exammles from glass industry cemonstrate the usefulness of in situ analysis 
for obtaining nonmodified results. It is also of interest simply to put the defect under 
the microscope stage because it shortens the overall analysis time. If the sample needs 
preparation, its simplicity remains attractive. But sometimes the possibility of very 
sophisticated nrenaration of a sample can save an analysis or greatly improve the quality 
of the spectrum.’ Rarely does only one tyne of analysis bring a complete solution for all 
problems arising from defects. Since Raman microanalysis is nondestructive, it will be 
mostly used as the first device in the available analytical sequence. 

Other aspects concerning the speed of analysis, fluorescence problems, and the availa- 
bility of reference spectra will be discussed later. As to reference spectra, up to now 
each branch of industry has had to build up a great part of its own collection. 


Samples from the Glass Industry 


Our first example is related to a problem appearing during the manufacture of glass. 
The defect appears as a 1-2 mm black trail in the glass. Various samples cut were analyzed 
in situ. The interesting part of the Raman snectrum is shown in Fig. 1. The lines at 384 
and 410 cm’* are characteristic of molybdenun sulfide MoS,. The molybdenum content indi- 
cates the origin of the defect: molybdenum electrodes are used to keep the molten glass 
at an exact working temperature. They release particles and the machine must be stopped 
and the defective electrodes changed. That is why this phenomenon is worth a study. 

We found that in the samples.in which the black trail was completely surrounded by glass 
nothing but the MoS, spectrum could be obtained. Even crystals shaved as perfect hexagons 
inside a bubble were recognized to be MoS,. 

Another defect, appearing as a white trail at the surface of glass, was related to the 
same origin, because here molybdenum was detected in the form of molybdates. Figure 2 
shows such a spectrum, with the typcial lines of Na,MoO, and CaMoO,. These two compounds 
appeared always together in slightly variable proportions. On the other hand, the same 
molybcates associated with “oS, were found on a sarmle where the black trail was in con- 
tact with ambient air. 

Thus the microanalysis by Raman spectroscopy can follow exactly what products form 
under specified conditions without further possibility of contamination. So it seems the 
best method that leads to an understanding why electrodes.release particles. In addition 
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FIG. 1.--Raman spec- 
trum of black trail FIG. 2.--Raman spectrum of white 
included in glass. trail at surface of glass. 
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FIG. 3.--Raman spectra of demixtion products in glass. 
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to the facility of sample preparation, molybdenum compounds are strong Raman scatterers, 
so that the study can be carried out rapidly. 

Owing to its frequency of occurrence, another important application is the determina- 
tion of native sulfur in glass bubbles, For the same reasons as previously, the analysis 
is rapid. The possibility of characterizing native sulfur and not only sulfur containing 
compounds is useful because the origin of the precipitation of sulfur alone or in associ- 
ation with sodium sulfate is known to be a punctiform lack of balance in the redox condi- 
tions of the molten glass. 

The analysis is not always so rapid if crystals appear for which no reference spectrum 
can be found. This was the case with a recently analyzed bubble in which only sulfur pre- 
cipitated on the upper wall but other nonidentified crystals were laid on the opposite wall. 
One may regard that as a negative aspect of the technique but in fact even if an exact de- 
termination cannot be carried out immediately, the result is not entirely negative. The 
positive aspects are that a different nature than sulfur of these crystals is assured, some 
compounds can be eliminated, the hypothesis for a sulfide or perhaps an oxide can be built 
up, and (since the analysis is nondestructive), other technqiues can be applied afterward. 
Finally, the lack of a reference spectrum is only a question of time. 

Demixtion products are defects that create opacities in transparent glass. Fine nee- 
dles sticking together can be seen under the microscope. They are embedded in the glass 
matrix so that an analysis in situ becomes necessary. We obtained a spectrum that enabled 
us to identify alpha wollastonite, a three-member calcium cyclosilicate (Ca,5i,0,). Ata 
different temperature beta wollastonite can occur, so that it is important to have a ready 
means of differentiating between those two allotropic forms. Their spectra are shown in 
Pig. 3. 


Samples from the Polymer Industry 


An application of the micro-Raman technique important to the polymer industry is in 
the determination of inclusions in polymer fibers or films, as these inclusions can often 
cause a rupture or other defect. The inclusions can vary considerably in both nature and 
origin. Calcite and quartz are the most frequently encountered pollutants coming from dust. 
The presence of polyethylene, Teflon, polystyrene, and cellulose as pollutants are also of 
external origin such as packing material, etc. The origin of an inclusion can also be car- 
bon black, anatase (Ti0,), or any other additive that is normally finely dispersed. 

The matrix of our first example was a film of polyethylene (PE) with a pink translucent 
tinge. The Raman spectra obtained (Fig. 4) show lines which were characteristic of PE, and 
two other large bands could be attributed to rutile (TiO0,) and to the red dye responsible 
for the pink tinge of the sample. Further examination of the sample provided the other 
spectrum of Fig. 4, which originated from one of the many red particles present through 
the sample. Raman lines due to PE and rutile are not present. This in situ analysis con- 
firmed the presumed results that the red particules were red dye stuff which had remained 
agglomerated in the pink matrix as inclusion defects. As the red particles were thermo- 
sensitive, the laser beam was defocused to reduce the density of exciting energy. 

An "internal" contamination is sometimes present in a degraded form, as illustrated in 
an example of a gibbsite particle found in a PE injection product. The result of the Raman 
Microanalysis of,this sample is shown in Fig. 5. In particular, the four Raman lines in 
the 3300-3700cm region identify the included particle as A1(OH), in its gibbsite form. 
From this result the manufacturer easily identified the source of origin -- a catalyst that 
had degraded during processing. 

If a defect in a polymer cannot be characterized by a completely different spectrum 
such as the preceding ones, other aspects become important; in most cases the analysis re- 
quires much more time for various reasons. A sample preparation such as microtome slides 
is suitable, especially if fluorescence occurs, or in order to eliminate part of the matrix 
spectrum. A defect visible even with the naked eye may affect only a few per cent of the 
polymer, and that is sometimes not far from the detection limit of the technique. Then 
high counting times or even accumulated spectra become necessary. 

Our third example illustrates these aspects. Here the defect affected the entire sam- 
ple by a change in color from colorless to red-brown during tempering. The fluorescence 
level of the degraded sample was too high to permit classical Raman analysis (with macro- 
chamber). With the microanalysis device the fluorescent volume can be greatly reduced: 
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all that is needed is to scrape off a few micron-sized particles. After laser illumination 
for damping out fluorescence, analysis was carried out. 

Figure 6 shows the results: In the spectral range of C = N triple bonds, the color- 
less sample shows a characteristic line at 2242 cm , whereas in the degraded sample this 
limit cannot be detected even with 25 accumulations. Tempering affects primarily the 
C = N bond. 


Samples from the Metallurgy Industry 


Our work on inclusions from the metallurgy industry has only just begun, so that the 
difficulties that have arisen have not yet been eliminated. 

The analyzed inclusions were prepared for other purnoses than Raman microanalysis and 
we found them not as we expceted included in the steel matrix but separated as clear prec- 
ipates mixed with a black powder, cementite (Fe,C). The microscope stage permits a classi- 
fication according to the particle size. In the range of 5 um, the abundance of particles 
showing the characteristic calcite spectrum is striking. Here calcite (CaCO,) arises as 
the classical degradation product of calcium oxide (CaO). This circumstance is very fav- 
orable for Raman analysis because CaO has the NaCl structure, which means no first-order 
Raman activity, so that no narrow lines can be used for identification purposes. 

Other particles have to be rexamined; in a first approach, their spectra were not 
clear and contained no well-defined lines. The observed slight fluorescent background is 
a hindrance. 

Silicates and aluminates were expected, and we did record spectra permitting the ident- 
ification of quartz and orthoclase, an alkali feldspar (KAISi<0,)*. 
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RAMAN MICROPROBE CHARACTERIZATION OF POLYMERIC FIBERS: ORIENTATION, CRYSTALLINITY, AND 
SKIN-CORE EFFECTS 


Fran Adar and Herman Noether 


The mechanical characteristics of textile fibers are determined by physical properties 
such as degree of orientation, degree of crystallinity, and skin-core effects. Examples 
of Raman microprobe spectra that document the ability to monitor these properties in 
polyethylene terephthalate and carbon filaments are presented. 

Spectra of cross sections of heavy filaments of polyethylene terephthalate treated by 
drawing through dimethyl formamide (DMF) show that this treatment crystallizes the outer 
skin. Examination of a series of PET fibers, spin-oriented at speeds between 500 and 
5500 m/min, shows that as the take-up speed is increased, the polymer initially orients, 
and at high speed also crystallizes. The sample originally spun at 500 m/min and subse- 
quently drawn to 5 times its original length over heated pins is somewhat more oriented 
than the sample taken up at 5500 m/min. 

Raman microprobe spectra of carbon fibers fabricated from polyacrylonitrile (PAN) and 
from pitch show intensity patterns consistent with the electron micrograph descriptions 
of the orientation of the microcrystallites in these samples. Incomplete extinction of 
the Raman bands of the pitch fiber when it was oriented with the fiber direction perpendic- 
ular to the E vector of the laser and to the direction of the laser propagation implies 
that the graphite planes are not all oriented along precise radial directions. 


Background 


PET. The method of production of textile fibers is known to affect the relative con- 
tent of the crystalline and amorphous phases as well as their orientation. Increasing the 
extrusion velocity increases the orientation of the polymer; at high extrusion velocity 
the polymer crystallizes as well. Subsequent to spinning, fibers are often drawn 
(stretched), which can also cause orientation and crystallization. 

The effects of crystallinity on the Raman spectra of PET have been well documented. 
Melveger! noted that the width of the carbonyl band correlates well with density and 
crystalline order, most likely due to resonance stabilization of the C=O with the aro- 
matic ring. 

More recently Stokr et al.* reported entire spectra of totally unoriented amorphous, 
semicrystalline, and crystalline (obtained by spectral subtraction) PET. Inspection of 
these spectra show the presence of the 1097cm7! band and absence of a background between 
800 and 900 cm=! in crystalline PET. Purvis and Bower® and Boerio and Bailey’ consider 
the effects of orientation on the Raman spectra. Cook and Ogilvie? demonstrate the use- 
fulness of a Raman microprobe to monitor crystallinity in PET. 

Graphtte. The Raman spectrum of crystalline and disordered graphite was first reported 
by Tuinstra and Koenig. © Single crystal graphite has one fundamental band at 1575 em7! 
that broadens as the crystalline order decreases. Disorder is also monitored by the ap- 
pearance of a second band at 1360 cm™!. 

In an orientation/polarization study Brillson and Burstein’ have confirmed the assign- 
ment of the 1575 cm~! band to an E., mode that can only appear for laser and Raman photons 
polarized perpendicular to the c-aXis. 


Sktn-core Effeet tn PET 


A cross section of a coarse PET fiber that had been subjected to treatment with DMF 
at 80°C is shown in Fig. 1. The skin of the fiber is readily distinguishable optically 


Author Adar is with Instruments SA, Inc., Metuchen, NJ 08840; author Noether is with 
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FIG, 2.--Two regions of Raman microprobe spectra of 
skin and core of PET fiber cross section shown in Fig. 1. 


FIG. 1.--Optical micrograph of PET fiber pulled through DMF 
‘at 80° for 3.6s, then washed at 20°C for 3.6 s; diam. ~ 15um. 


from the core. Raman microprobe spectra of the skin and core are shown in Fig. 2. The 
presence of a sharp band at 1097 cm7! and decreased linewidth of the carbonyl band at 
1727 cm! are due to the increased crystallinity in the skin. These results are consis- 
tent with the results in Refs. 1, 2, and 5 and confirm that the DMF-exposed skin has been 
crystallized. 


Effeets of Sptn Velocity on Ortentatton and Crystallinity 


Figure 3 shows spectra of a PET filament examined radially. The appearance of the 
sharp band at 1097 cm™!, the intensification of the shoulder at 1270-1280 cm7', and the 
sharpening of the carbonyl band at 1727 cm7! demonstrate the onset of crystallization at 
high speed (5500 m/min). 

Figure 4 superimposes Raman spectra of PET filaments (spun at 5500 um/min) examined 
radially and axially in the microprobe. The spectra are displayed with the 1614cm7! band 
at full scale intensity. 

Table 1 presents the integrated peak intensities for some bands relative to the 
1614cm7! band in the axial and radial geometries. These data have been calculated for 
fibers spin-oriented at 1500, 5500, and 500 m/min; this latter fiber was subsequently 
drawn to five times its initial length over heated pins. 

Differences in relative intensities of the Raman bands of PET fibers examined radially 
and in cross section are a good indicator of molecular orientation due to spin orientation 
or drawing. According to Boerio and Bailey’ all modes have A, symmetry (in the Cop, point 
group) except the B, band at 800 cm-!, In our spectra all bands show a higher intensity 
in axial observation with the exception of the 800cm7! band. It is interesting to note 
that the subsequently drawn sample seems to have a higher axial/radial ratio than the high 
speed spin-oriented material (5500 m/min). More work is required to elucidate the molecu- 
lar structural reasons for these observations. 


Ortentatton of Graphite Fibers 


Graphite fibers prepared from pitch and PAN both have c-axes perpendicular to the 
fiber axis, but the configuration of the graphite planes transverse to the fiber are quite 
different. Electron micrographs indicate that the graphite planes wrap around the PAN 
fibers like onion skins, whereas the planes are more or less radial in the pitch fibers. 
Because the Raman band requires both the incident and scattered polarization to be perpen- 
dicular to the c-axis, the two types of fibers are expected to exhibit different polari- 
zation/orientation behavior. The scattering from the PAN fibers should be more or less 
independent of the orientation of a fiber on a microscope slide. However, when a pitch 
fiber is oriented with its axis perpendicular to the laser E vector, the Raman signal is 
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FIG, 3,--Raman microprobe spectra of PET filaments spun at speeds between 1500 and 5500 
m/min. 
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FIG. 4.--Raman microprobe spectra of PET filaments spun at 5500 m/min and examined radially 
and axially. (Spectra are displayed such that intensity at 1614 cm7! is full scale.) 
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TABLE 1.--Integrated peak intensities relative to 1614cm=! band. 
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not expected to be excited. The spectra 
shown in Fig. 5 confirms these expecta- 
tions. The intensity of the Raman band 
from the PAN fiber is identical in both 
Pan Fiber orientations whereas the intensity of 
the Raman band of the pitch fiber is 
reduced by about 15% in the forbidden 
Orientation (fiber axis perpendicular to 
laser E vector). The fact that the band 
has significant intensity in the forbid- 
den geometry implies that the crystal- 
lites have finite size and a significant 
proportion of the graphite planes are 
not precisely radial. 
Inspection of the data from the PAN 
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FIG. 5.--Raman microprobe spectra of graphite fibers also shows bands at 1360 and 1620 
fibers prepared from pitch (A) and poly- cm*! in addition to the principal band 
acrylonitrile (B); fiber axis parallel to at 1582 cm™!. The 1360cm7! is a consis- 
laser E vector (upper trace), perpendicular tent indicator of disorder.® The 

to laser E vector (lower trace). 1620cm*! band has also been associated 


with disorder; it is proposed that fine 
particles of carbon could have significant quantities of carbonyl at the crystallite edges 8 
However, a band at this region has also been associated with intercalated graphite.?>!° 


Conelustons 
The Raman microprobe spectra of individual PET and carbon fibers enable the measure- 
ment cf orientation and extent of crystallinity in these materials. 
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CHARACTERIZATION OF COMPOSITE MATERIALS BY MEANS OF THE RAMAN MICROPROBE 
Michel Couzi, Francis Cruége, Philippe Martineau, Catherine Mallet, and René Pailler 


The recent development of the Raman microprobe has considerably increased the range of 
applications of Raman spectroscopy. Since areas as small as 1 um? can be analyzed and 
their Raman spectra recorded, composite materials represent an obvious target for this 
instrument. As a matter of fact, this technique has already been applied with success 
to in situ and nondestructive characterization of carbon-carbon composite materials,!>4 
as well as of pyrocarbon-silicon carbide codeposits. ° 

In this paper, we present the first results we have obtained on filaments made of 
silicon carbide deposited by CVD on carbon filament and on tungsten-wire substrates. 
Structural and chemical inhomogeneities within such composite filaments are detected and 
analyzed; preliminary results are also presented, concerning the influence of heat treat- 
ments on the structure and composition of these filaments inserted in a titanium matrix. 


Experimental 


Composite materials made of SiC filaments inserted in a titanium matrix have been 
prepared by hot pressing, as described previously." Various types of SiC filaments have 
been used. SiC(1) (about 100 um in diameter) elaborated by SNPE corresponds to SiC depos- 
ited by CVD on a tungsten substrate. SiC(2), SiC(3), and SiC(4) (about 140 um in diameter) 
are from AVCO and correspond to SiC deposited on carbon monofilament substrates. In all 
cases, the deposition temperature is of about 1200°C. In order to improve the mechanical 
properties of the filament, the CVD procedures used are rather complex and imply, in 
particular, that inhomogeneities exist within the deposit from the core to the surface of 
the filament. Thus, the "SiC" filament by itself can be seen as a composite. 

The SiC/Ti composite materials were cut perpendicular to the filament direction and 
polished (Fig. 1). Ina first step, we have examined such cross sections of the SiC 
filaments and recorded the Raman spectra corresponding to various areas situated at various 
distances from the core. In a second step, the same samples have been analyzed after heat 
treatments. 

The spectra have been recorded with the micro-Raman spectrometer MOLE from JOBIN-YVON 
equipped with a SPECTRA-PHYSICS model 164 argon ion laser. We always used the 5145A emis- 
sion line with an incident power not exceeding 20-30 mW at the surface of the sample. 
Detection was made with a RCA cooled photomultiplier coupled with a photon-counting system. 
In our experiments, the maximum spatial resolution (about 1 um?) was used; the spectral 
resolution was of about 8 cm}. 


Results and Dtscusston 


Figure 2 represents the Raman spectra of SiC deposits recorded at different distances 
from the core of the filaments. The Raman spectra of the titanium matrix were featureless. 

For the SiC(1)} filaments (Fig. 2a), the spectrum of SiC first deposited on the tungsten 
core is characterized by two strong and narrow lines at 800 and 970 cm=?; they are assigned 
respectively to the TO and LO Raman active modes expected for cubic SiC (zinc blende struc- 
ture) which is the low-temperature 8 form. Note the complete absence of additional side- 
bands that would be observed for the a-SiC polytypes.° Note also that these strong lines 
are superimposed on broad features centered at about 800 and 500 cm7!, With increasing 
distances from the core toward the filament surface, we observe that the two narrow lines 
are progressively displaced by the broad features at 800 and 500 cm7! (Fig. 2a). The 


Authors Couzi and Cruége are at the Laboratoire de Spectroscopie Infrarouge (LASIR), 
Université de Bordeaux I; authors Martineau, Mallet, and Pailler are at the Laboratoire de 
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FIG. 1.--SiC/Ti composite material: cross section 


perpendicular to SiC filament direction, 


core 
Sic 
Fi lament4 


DMs WhO = 


Ti matrix | .# 


Intensity 


200 800 1400 200 800 1400 
Frequency ( cri‘) 


FIG. 2.--Raman spectra of SiC filaments 
recorded at various positions from core: 
(a) SiC(1); (b) SiC(2). 
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latter are assigned to another form 
of SiC, since microanalysis have 
shown the presence of stoichiometric 
SiC only.© This new form of SiC, the 
amount of which increases as the 
surface of the filament is approached, 
probably exhibits an important degree 
of disorder, judging from the width 
of the observed Raman lines. This 
spectrum, however, is different from 
that reported for carbon-deficient 
sputtered amorphous SiC films.’ 

The results of similar experi- 
ments made on SiC(2) filaments are 
shown in Fig. 2(b). At the core- 
deposit boundary, we observe strong 
lines at 1600 and 1350 cm! due to 
the carbon filament substrate,! >? as 
well as a weak band near 800 cm7! 
previously assigned to a disorganized 
form of SiC. On going into the de- 
posit at increasing distances from 
the core, we first notice an impor- 
tant broadening of the 1600-1350cm7! 
bands and then the disappearance of 
these lines in favor of the broad 
features at 800 and 500 cm™! due to 
disordered SiC. This spectral evol- 
ution shows the presence of highly 
disorganized carbon® as well as SiC 
close to the core, and the progres- 
Sive disappearance of this carbon on 
going close to the surface of the 
filament, where SiC alone is de- 
tected. The results obtained with 
Sic(3) and SiC(4) filaments show 
only slight differences with those 
of Fig. 2(b), and are generally 
interpreted in a similar way. 

In a preliminary experiment, 
SiC(1) filaments have been analyzed 
after heat treatment of the SiC/Ti 
composite at 1100°C during 5 hr. 

The spectra clearly show the pres- 
ence of crystallized 8-SiC only 
throughout the filament cross section. 
The study of diffusion phenomena and/ 
or chemical reactions between the 

SiC filaments and the Ti matrix is 

in progress. 


Conelustons 


The preliminary results reported 
here illustrate the interesting 
possibilities offered by the Raman 
microprobe in the study of synthetic 
metal matrix composites, and in 
particular those containing SiC 
filaments. We believe that this 
technique could be successfully 


applied to the study of most of the inorganic fibers or filaments that are used for the 
elaboration of composite materials. 
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MICRO-RAMAN ANALYSIS OF THREE MILE ISLAND SAMPLES 
T. E. Doyle and J. L. Alvarez 


Using a Raman microprobe, we have analyzed samples from Three Mile Island Unit 2 (TMI-2). 
The purpose of examining TMI-2 samples is threefold: to determine the various chemical 
species resulting from a nuclear release accident; to explain the presence, transport, and 
consequences of release to the environment of specific chemical species; and to clarify 
and define the accident scenario. One result from the work is discussed in this paper: 
the positive identification of zirconium oxide, and particles that produce spectra char- 
acteristic of ZrOo, in the TMI-2 purification system. Spectra of the latter particles 
reveal differences from the ZrO» in crystalline structure that may provide information 
about processes that occurred in the TMI-2 core. 

The samples in which the ZrQo was found were obtained from Filter MU-F-5B, one of the 
two make-up and purification demineralizer filters. Since the sample stage is a conven- 
tional light microscope, no special preparation was needed to examine the particles beyond 
mounting the sample on a glass slide. 

Monoclinic zirconium oxide was first discovered as a light gray, oval particle, 6 x 8 
um. The particle's spectrum closely matched a reference spectrum, with nine of the 13 
peaks positively resolved. The four unresolved peaks coincided with the plasma lines of 
the 488.0nm blue line of the argon laser. 

A second particle, white, rectangular, 6 x 8 um, produced a spectrum (Fig. 1) identi- 
fying ZrO>, but not initially in a monoclinic crystalline state. The first spectrum taken 
of the particle (Fig. 1, top) displayed weak, broad lines at 256, 465, and 628 cm |, sug- 
gesting a strained cubic! or tetragonal* crystalline structure. The 180 and 192cm7! lines 
of the monoclinic phase were missing. Subsequent spectra (Fig. 1, middle and bottom) 
showed the particle undergoing a phase transformation. The monoclinic phase became more 
dominant with successive spectra. Heating from the laser induced this phase transforma- 
tion. The final spectrum (Fig. 1, bottom) was not entirely monoclinic but showed a dis- 
parity in the relative heights of the 337 and 476 cm7+ line, and a weak line at 216 cm~! 
was not found in the standard spectrum. In addition, the major monoclinic lines of the 
intermediate spectrum (Fig. 1, middle) were shifted to higher frequencies (lower wave 
numbers). The 180cm7! line was shifted to 173 cm™!, the 192cm7™! line to 186 cm7!, and the 
476cm-! line to 465 cm7!, The intermediate spectrum also showed a strong peak at 255 cmt, 
not a monoclinic line. 

The origin of these particles is of considerable interest. Since ZrQo is insoluble 
in either cold or hot water, the particles most likely originated in the TMI-2 core and 
were transported by suspension. The existence of monoclinic ZrO» in the purification 
system is not a surprise, since a large portion of the zircaloy fuel-rod cladding is be- 
lieved to have oxidized, and the most stable form of ZrO» below 1000°C is monoclinic. 
However, ZrO in a cubic or tetragonal phase has also been discovered. Cubic and tetrag- 
onal ZrO» are unstable at low temperatures; the ZrO. must be locked into the cubic or 
tetragonal state by the presence of an impurity (e.g., Y203 or CaO) or rapid cooling 
(quenching). Stabilizing the tetragonal phase in ZrOg by quenching is uncommon, however. 
Four possible explanations were considered to account for the results. 


1. The particles are fragments of the cubic ZrO, ceramic spacers in the core. The 
fragments have been subjected to stresses (i.e., heat and pressure) that have caused phase 
changes. 

2. The ZrO, in the particles is in a solid solution. Eutectics may have formed from 
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Zirconium and constituents from the fuel and 
control rods, subsequently oxidizing or 
forming in the oxidized state, and thereby 
stabilizing the tetragonal phase. 

3. Oxidized zircaloy samples that have 
been studied show two types of ZrQo spectra, 
corresponding to slowly oxidized and rapidly 
oxidized zircaloy. Slowly oxidized samples 
displayed a monoclinic spectrum with lines 
shifted to lower wave numbers and some dif- 
ferences in peak intensities. Rapidly oxi- 
dized samples produced the standard mono- 
clinic: spectrum. The. spectral differences 
in the two oxidation rates probably result 
from a nonstoichiometric oxide which causes 
crystal strains. However, tetragonal struc- 
ture was not indicated in either case. 

4, Particle size influences the phase 
transformation of tetragonal ZrO» to mono- 
clinic ZrO9. The observed tetragonal phase 
may have been metastable because the parti- 
cles were smaller than a critical size. 


Intensity 


To test these explanations,.we analyzed 
the ZrO» particles on the scanning electron 
microscope (SEM). The ceramic spacers in 
the TMI-2 core contained 15% (mol.) calcia 
to stabilize the ZrO. in the cubic phase. 
The presence of calcium, as revealed by SEM 
analysis, would determine whether the ZrQOo 
particles are fragments of ceramic spacers 
or oxidized fuel-rod cladding. Calcium was 
| “pum f...| mot detected by the SEM on any of the ZrQ9 
200 400 600 80 1000 particles. 

meve nOmOeT (CR) SEM analysis also did not indicate the 

presence of eutectics. The ZrO» in the 
FIG. 1.--Raman spectrum of particle No. 2. particles is either pure or, most likely, 

contains trace amounts of impurities. The 
SEM is not capable of detecting these trace quantities, and we do not believe that they 
would have stabilized the ZrO» in the tetragonal phase. Heating from laser irradiance 
transformed the particles to the monoclinic phase; this phenomenon has not been reported 
for free particles or ceramic grains stabilized in the tetragonal phase by impurities. 
Also, it has not been the experience of zirconia researchers that trace impurities stabi- 
lize the tetragonal phase. 

Raman spectra of slowly oxidized zircaloy display similar line..shifts and peak inten- 
sity differences as are observed on spectra of some ZrOQ2 particles, The gradual formation 
of monoclinic ZrO. on the zircaloy creates stress in the crystalline structure. The mono- 
clinic lattice tries to conform to the atomic.spacings of the underlying zircaloy. Sim- 
ilarly, nonstoichiometries in the zirconium oxide of some particles (from the MU~F-5B 
sample) would also create stress or decrease the lattice dimensions in the monoclinic 
crystalline structure.? The nonstoichiometries would result from incomplete oxidation of 
the zircaloy. 

Below a critical grain or crystal size, the tetragonal phase in ZrOz ts stable at room 
temperatures. This research has been done for grains within ceramics, but it can also 
apply to free particles.° Another effect of particle size is the degree of phase trans= 
formation that occurs. Microscopic crystals or grains of ZrO» transform completely from 
the tetragonal to monoclinic phase; there is no gradual transformation or intermediate 
phase for small, single crystals.> The ZrO» particles from the MU-F<5B sample gradually 
transformed, evidencing that they are a conglomerate of smaller particles or crystals. 
SEM micrographs do indeed show transformed particles to be conglomerates. 
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The absence of calcium strongly suggests that the ZrO, particles are from oxidized 
cladding. Eutectics were not detected, and we doubt that impurities stabilized the ob- 
served tetragonal phase. Also, the initial spectra (before laser heating caused crystal- 
line phase changes) of some ZrO9 particles are very similar to spectra of pure ZrQ» raised 
to 1200°C.%:© An explanation which corresponds to the results is that fuel-rod cladding 
was oxidized and elevated to at least 1200°C. Such heating would cause a transition to 
the tetragonal phase, which is unstable at lower temperatures. The size of the particles 
(less than 10 um) and perhaps quenching metastably locked the ZrO. into the tetragonal 
phase. 

We have identified zirconium oxide in the TMI-2 purification system. Some ZrO, parti- 
cles were originally in a tetragonal phase and subsequently transformed to the monoclinic 
phase. SEM analysis revealed that they were not fragments of the ceramic spacers; we 
conclude from the Raman data that they were pieces of oxidized fuel-rod cladding elevated 
to at least 1200°C in the TMI-2 core. Particle size and possibly quenching stabilized the 
ZrO5 in the tetragonal phase until laser irradiance transformed the ZrO». Stress or a 
decrease in lattice dimensions caused by nonstoichiometries would explain the nonstandard 
Raman spectrum of the subsequent monoclinic phase. 
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MICRO-RAMAN ANALYSIS WITH THE USE OF MULTICHANNEL INTENSIFIED PHOTODIODE ARRAY DETECTOR 


J. Barbillat and M. Delhaye 

The first Raman microprobes instruments specially designed for microanalysis,!’* which a- 
vailed themselves of the techniques of conventional Raman spectrometry (scanning monochro- 
mators and monochannel detection), permitted successful explorations in many domains of 
applications such as analysis of inclusions in rocks, identification of defects in indus- 
trial materials of various origins (semiconductors, synthetic fibers, etc.), and analysis 
of biological samples. However, some investigators quickly realized the benefits to be 
gained from multichannel detection. Thus, for instance, the MOLE microprobe was fitted 
with multichannel detection (image intensifier tube and TV camera) in addition to conven- 
tional PM detection in order to record selective micrographic images of the distribution 

of chemical species in an heterogeneous sample. The same detection scheme was also used 

to observe simultaneously all the spectral elements in a small segment of the Raman spec- 
trum of the sample. Nevertheless, some specific applications revealed the limitations of 
these instruments--limitations due to the lack of sensitivity to detect the Raman spectrum 
of very weak scatterers or of unstable samples that do not sustain the high irradiation of 
the laser beam without degradation and so require too low a laser power. There are also 
the limitations due to the difficulty of obtaining well-contrasted selective images owing 
to the way the microscope and the spectrometer are coupled. But at about the same time 

new low-light-level photoelectrical detectors with better characteristics (microchannel 
plate image intensifier tube, solid-state photodiode array detector) became available with 
fast detection capabilities that permitted the simultaneous recording of a large number of 
spectral elements. As a result a new generation of Raman microprobe was developed in which 
this kind of detector was used and which thus allowed the full benefit of the advantages 
of multichannel spectral acquisition. As early as 1982 many communications were presented 
at the MAS meeting that described either laboratory prototypes or commercial instruments. >" 
In a way it is a return to the origin of spectroscopy, since the emission or absorption 
spectrographs with photographic plates used at the beginning were the first multichannel 
instruments. Of course techniques have advanced: the old prisms are replaced by holo- 
graphic gratings and a good rejection of the stray light is achieved by grating foremono- 
chromators. In the present paper, we describe work done in close collaboration with the 
DILOR company that led to the commercialization of a new microspectrometer specially built 
to benefit from the advantages of an intensified photodiode array detector: the Microdil 
28. 
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The Mierodtl 28 Mteroprobe 


Multichannel Detectton. The purpose of intensifying the photodiode array is to in- 
crease its capability for use at low light levels. Increase in the number of photons a- 
vailable under low-light-level conditions can be achieved with an image intensifier tube 
that serves as the input to the photodiode array detector. It has been shown that the use- 
ful range of the photodiode array may be extended several orders of magnitude by this tech- 
nique. In order to intensify the photodiode array optically, the following device (one of 
the best for this purpose) was used. It was a miniature distortionless electrostatic prox- 
imity-focused microchannel plate image intensifier tube. Because of the size of the avail- 
able photodiode array and of the intensifier, a 18mm active diameter tube (RTC) with fiber- 
optic input and output windows was used in this device. The bounding of the intensifier is 
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accomplished with a nonpermanent oil coupling that needs mechanical clamps to keep the 
array and the intensifier lined up properly. The Reticon 512 S photodiode array contains 
a row of 512 diode sensor elements on 25um centers, corresponding to an overall length of 
12.8 mm. The height of the sensor elements is 2.5 mm. This unit is mounted in a package 
(Fig. 1) cooled at =20°C by a Peltier element that increases performance by allowing a 
possible integration time of as long as 100 s without saturation. A part of the electron- 
ics (specially built to detect very weak signals®) is included in the same package. Ana- 
log information is extracted from the photodiode array successively for each diode, sampled 
for 12 bits digital conversion in real time (9 us per diode), and then sent into a fast 
computer. In this mode of acquisition, integration time can be as short as 10 ms. If the 
computer is not fast enough, real-time data from A/D converter are stored into two memory 
blocks (one for signal and the other for background) and an arithmetic unit performs back- 
ground substraction. In this mode of acquisition the shortest integration time is about 
60 ms, depending on the time the computer needs to get data. 

Compared with the conventional scanning technique, multichannel detection means better 
utilization of the time devoted to spectrum analysis. For instance, for a Raman spectrum 
of N spectral elements, a conventional spectrometer receives at its detector only one spec- 
tral element during a time t = T/N, where T is the total recording time. The N - 1 spec- 
tral data dispersed during the same time are lost. This problem is the origin of the de- 
gradation of the signal-to-noise ratio. Multichannel techniques enable the simultaneous 
recording of all N spectral elements during the same time t = T/N with the same sensitivity. 
Thus, if the two spectra are recorded in the same total time T, the signal-to-noise ratio 
for the 'multichannel spectrum" would be superior by a factor WN. 

Multichannel intensified photodiode detection also makes it possible to reduce routine 
spectral acquisition time from the few tens of minutes required in scanning spectrometers 
to typically a few seconds. As a result one can turn this gain in time to profit for de- 
tecting very weak Raman signals by accumulating a great number of spectra. 


Spectrometer, The Microdil 28 comprises a zero-dispersion foremonochromator with two 
plane holographic grating which disperse the radiation in opposite directions (Fig. 2). 
It is used to select a spectral band in the spectrum and to reject the exciting line. The 
center of this band is selected by the rotation of the gratings and its width is determined 
by the width of the intermediate slit, adjustable from 0 to 20 mm. The band pass is recom- 
bined on the exit slit of the foremonochromator and dispersed by a stigmatic grating spec- 
trograph on the multichannel detector, To vary the dispersion and the spectral coverage, 
the spectrograph is fitted with two plane holographic gratings mounted in a turret. Band 
pass is about 1500 cm * with the 600gr/mm grating and about 500 cm’ with the 1800gr/mn 
grating at 5000 A. The maximum resolution, limited by the discrete structure of the de- 
tector, is about 1 cm ‘/diode at 5000 A with the 1800gr/mm grating and is quite sufficient 
for the majority of applications. The foremonochromator can be automatically converted to 
a conventional scanning monochromator with a photon counting detection. 


Illuminator and Coupling Optics. The Microdil 28 is equipped with an Olympus micro- 
scope (BHM) that allows one to observe the sample with white-light illumination and to 
focus the laser beam on a microscopic spot (about 1 um) on the sample. The same objective 
collects the scattered light at this point. The focusing and coupling optics are specially 
designed to enable the operator to explore the whole observed area of the sample without 
moving the stage of the microscope (Fig. 3).° To achieve this goal the laser beam is fo- 
cused into the back focal plane of the microscope objective by a lens. This lens, opti- 
cally conjugate to the back aperture of the objective, can be moved in two orthogonal di- 
rections perpendicular to the laser beam. By moving this lens one can focus the laser 
beam on any point in the field of the microscope and therefore on any point of the sample. 
At any point located off center, there is a corresponding scattered beam off the spectro- 
meter axis (Fig. 4). That is why a second moving lens mechanically coupled to the first 
is placed on the scattered beam to balance any shift in the image of the probed area and 
bring it to the entrance slit of the spectrometer. After passing through this lens, the 
scattered beam is always centered on the optical axis, so that it is possible to place, 
on an intermediate image, an iris diaphragm that eliminates the radiation not directly 
issuing from the probed area. This optical arrangement rigorously couples the pupils of 
the microscope and the spectrometer. Thus the whole observed area can be analyzed without 
any loss of light. This optical arrangement has proved to be most convenient for a variety 
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of cumbersome samples or accessories (variable temperature or pressure stages). As the ex- 
ploration by the laser beam is performed in the back image space of the microscope it pro- 
fits from the magnification of the objective, and the sample can be analyzed with high 
spatial accuracy without difficulty. 

Instead of focusing the laser beam on a single spot in the sample it is also possible, 
by means of an oscillating mirror on the path of the laser beam, to illuminate a large num- 
ber of points along a straight line across the sample and to focus this line on the slit of 
the monochromator. We describe some applications of this device in the following section. 


App lteattons 


Raman Spectrum of a Copper Phthalocyanine. Copper phthalocyanines (CuPc) are commer- 
cially important as a pigment system. They exist under two polymorphic forms: a CuPc and 
8 CuPc, Heating a CuPc at 300°C changes it into 8 CuPc. As these compounds are colored, 
they strongly absorb the laser radiation and can be destroyed with too high a laser power. 
Raman spectra of a CuPc and 8 CuPc published in the literature seem to be the same,*°??!! 
perhaps because a CuPc changes into the 8 CuPc form during the recording time. In order 
to confirm the Raman spectrum of a@ CuPc we have recorded several spectra with various la- 
ser powers. The samples were prepared by vacuum evaporation of a CuPc on a glass slide. 
In order to prevent the degradation of the sample by the laser beam we used the scanner to 
focus the laser on al X 50um straight line and reduced the laser power to a very small 
value (about 0.5 mW at the sample) with a neutral glass filter. Under the conditions we 
obtained the spectrum shown in Fig. 5, which corresponds to the 1350-1550cm + domain. The 
sample observed in white-light illumination after the analysis does not exhibit any degra- 
dation. By increasing the laser power we observe some modifications in the spectrum (Fig. 
6): the bands in the range 1350-1550 cm ' become broader and shift (from about 6 cm ‘) 
toward the lower wave numbers, At the same time the coloration of the sample changes to 
indicate a modification in the structure of a CuPc. 

This example points out the capability of the Microdil 28 to record good Raman spectra 
of unstable samples without degradation even with very low laser power. Focusing the la- 
ser beam on a line also prevents thermal decomposition of the sample. 

In some other cases, for instance with homogeneous samples at the microscopic level, 
the method of focusing the laser beam on a line can be used to increase the scattered light 
by increasing the volume to be analyzed. Under these conditions the laser power can be 
also increased to improve the signal-to-noise ratio. The increase of the laser power is 
not generally proportional to the increase in volume, but depends strongly on the nature 
of the sample and its thermal contact with the support; attention must be paid to the ther- 
mal relaxation of the sample that does not generally allowone to increase the laser power 
by more than a factor of 2-3. 


Raman Spectrum of Crustacean Pigments. The spectrum of the black pigment of pure mela- 
nin from cephalopod was recorded, for the first time, for comparison with the spectra of 
black pigments of various melanophores. The observed spectrum (Fig. 7) exhibits two bands 
in the 1300-1650cm * region, which is similar to the spectrum of graphite. But the two 
bands of graphite are not at the same position. This spectrum, which is less intense than 
the spectrum of graphite (under the same conditions: acquisition time, 200 s), 1s a good 
illustration of the ability of the multichannel technique to detect very weak signals by 
long-time accumulation, 


Raman Intenstty Profiles. There are two possible ways of obtaining Raman intensity 
profiles along a straight line across a sample by use of the Microdil 28. In the first 
one the laser beam is focused point by point along the chosen line and for each point the 
computer stores the entire Raman spectrum. Then the computer can restore as many intensity 
profiles as there are spectral elements. The multichannel technique is the only one that 
enables us to obtain so many data points in so little time. Conventional scanning tech- 
niques would require several hours of operation, whereas one can obtain the same amount of 
information with multichannel detection in a few minutes. The same technique can be exten- 
ded to record two-dimensional maps, to yield the distribution of several chemical species 
in the entire observed area. It only requires larger memory capacity and more time. 

The second way to obtain Raman intensity profiles it to deflect the laser beam on the 
sample (with the scanner) rapidly and to project this line on the entrance slit of the 
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spectrometer, which must be stigmatic. Then if the multichannel detector is placed perpen- 
dicular to the dispersion of the spectrum it is possible to focus on it a filtered image of 
the illuminated line of the sample. Thus one obtains, simultaneously, the intensity pro- 
file of the entire line at a given wave number. 

Here we present the profile recorded on a silicon test specimen, a silicon chip bearing 
1600 thin gold layer squares 20 x 20 um arranged in a checkerboard pattern (Fig. 8) that 
allows highly precise measurements. If the spectrometer is centered on the 525cm? line 
of silicon one obtains directly the intensity profile that gives the distribution of sili- 
con across the sample (Fig. 8). This profile, obtained with an integration time of 40 s, 
is in good agreement with the white-light image. By tuning the spectrometer to another 
frequency at which silicon does not scatter, one obtains the distribution of Fig. 9, which 
is not flat because of the different reflective powers of silicon and gold. It does not 
correspond to a Raman profile but merely to the stray-light repartition across the sample 
that acts as a mirror and reflects much of the exciting laser line into the monochromator. 

Here again one can extend this technique to the recording of two-dimensional maps that 
give a cartography of the sample at a single frequency by moving the laser line across the 
entire observed area. 


Cone Lugstons 


The few applications presented here illustrate the gain in sensitivity that can be rou- 
tinely obtained with the new generation of multichannel mircoprobe, Microdil 28. One might 
expect that sample reputed to be difficult a few years ago will be routinely recorded in 
the future with multichannel photodiode instruments. We have already illustrated this 
point with graphite, whose weak spectrum it was quite impossible to record with conventional 
scanning spectrometers. The first generation of Raman microprobes, which had the advantages 
of collecting the scattered light with a large aperture optical system, delivered suffi- 
ciently good spectra of graphite in a few tens of minutes. At present, with Microdil 28, 
this sample serves as a routine test and its spectrum is recorded in a few seconds without 
difficulty. 
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RAMAN MICROPROBE SPECTROSCOPY AND STUDY OF THE RETENTION OF AIR PARTICLES BY THE HUMAN 
RESPIRATORY SYSTEM 


P, Pineau, M. Audebrand, P. Freour, J. F. Tessier, and J. G,. Faugere 


Raman microscopy has been used by certain authors to study the nature of atmospheric parti- 
cles.’ ® We use the same instrument, along with infrared interferometry, in order to con- 
tribute to the study of the deposit of inhaled particles in the human respiratory system. 
In this paper we present our method, which consists of comparing the Raman and the infra- 
red spectra of air particles from the air that is exhaled by a person. We also present 
our preliminary results. 


The Expertmental Phase 


The atmospheric particles were collected with a six-stage cascade impactor (Fig. 1). 
The averages of the diameters of the particles deposited on the disks of each stage are 
given in Table 1. We used two impactors. With the smallest, the flow of air was 1.5 
l/min. It was possible to take two samples. We first collected the particles in the 
atmosphere and then the particles in the air exhaled by a subject. The time of each 
sample-taking was approximately 15 min. 

The Raman spectra were recorded with a Raman microprobe, the MOLE made by Jobin-Yvon. 
The ion argon laser is Model 164, produced by Spectra-Physics, We used the 514.5nm emis- 
Sion line. The power of the beam did not exceed a few milliwatts at the surface of the 
particle. A cooled RCA photomultiplier was coupled to a photon-counting system. Spectral 
resolution was approximately 10 cm +. When the particles were deposited on shiny aluminum 
disk, the spectrum was recorded by using a system that is normally used for reflectance 
measurements. 


Results and Dtscusstons 


Some samples were taken in Bordeaux. The mineral compounds most frequently detected 
with Raman microscopy were NaNO,, KNO,, CaSO,, (NH,),SO,, PbSO,, S10n In the majority 
of cases, the spectrum of a particle is that of one compound only. For instance, the spec- 
trum of Fig. 2 shows that the greatest part of the particle is sodium nitrate. 

We frequently observed the fluorescence of a sample under study, and we often saw car- 
bon bands near 1350 and 1600 cm ? when the power of the laser beam was larger than 10 mw.+’? 
However, we have detected only few organic compounds due to the lack of sufficient sensi- 
tiveness of our instrument. 

We tried to take a census of particles of the same type (sulfates or nitrates) from 
some samples. Count taking was very slow and proved to be inaccurate, Nevertheless, there 
is a correlation between the number of sulfate particles and the total sulfur quantity as 
determined by x fluorescence measurements.’ In addition, we observed significant varia- 
tions in the quantities of some compounds among samples collected in a variety of differ- 
ent places. Furthermore, we found that small particles of calcium sulfate having a di- 
ameter of less than 2 um are widely deposited in the respiratory system.’ 

Figure 3 shows the infrared spectrum of particles deposited on a silver chloride disk 
at impactor stage number 4. Only 200 liters of air were pumped into the impactor. There 
are few particles, and the diameter of the total deposit on the disk was not quite 2 mm, 
Nevertheless, with the use of an interferometer, we easily observe ammonium bands (near 
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FIG. 3.--Infrared spectrum of particles collected 
on a silver chloride disk in impactor stage num- 
ber 4. Volume of air injected: 200 liters. 


1415 and 3000 cm '), sulfate bands (near 620 and 1090 cm '), and a nitrate band (near 1360 
cm“). 


Coneluston 


The interest of our method resides in giving the researcher two types of information 
related to particle analysis. First, it gives him qualitative information for each parti- 
cle that has a Raman spectrum. Second, it enables him to follow the evolution of quanti- 
ties of some of the particle constituents which absorb infrared light. Proceeding from 
our preliminary results, we show that this method can be useful in the study of certain 
physical-chemical problems and, in particular, in the analysis of atmospheric particles 
retained by the human respiratory system. 
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A RAMAN MICROPROBE STUDY OF PHASE-SEPARATED MINERALS 
F. J. Purcell and W¥. B. White 


Feldspars are the most common minerals in the earth's crust and are thus of great imvor- 
tance to mineralogy, petrology, and geochemistry. The feldspars are three-dimensional 
framework structures of corner-sharing SiO, and AlO, tetrahedra. Charge neturality is 
maintained in the crystals by large cations in the interstitial sites of the aluminosili- 
cate framework. Three end members 


NaA1Si3;0, albite 
KA1Si,0, orthoclase 
CaA1,Si,0, anorthite 


describe the compositions of most terrestrial feldspars, although barium and strontium 
substitutions also occur, as does Fe3* substitution for Al3+. 
Feldspar mineralogy is very complex because: 


1. There are several variants on the feldspar structure based on small distortions of 
the structural framework. Most feldspars are triclinic, Pl or Cl; a few are monoclinic, 
C2/m. The structural variations show up well in the K-feldspars where sanidine (high 
temperature, C2/m), orthoclase (intermediate temperature, C2/m) and microcline (low temp- 
erature, Cl) appear as distinct minerals. 

2. There is a continuous variation in the degree of Al/Si order over the tetrahedral 
sites, depending on thermal history. The graduation between low albite and high albite 
appears to be mainly one of Al/Si order. Al1/Si order is also linked to the structural 
variants of the K-feldspars. 

3. At temperatures near the liquidus, there is a continuous solid solution between 
the three feldspar comnonents. Below 600-700°C, a solvus develops which causes phase sep- 
aration in the KA1Si,0,-NaA1Si30, series but not in the plagioclase (NaA1Si30g-CaAl2Si,0g) 
series. Many igneous rocks contain two feldsnars: a potassium feldspar and a member of 
the albite-anorthite solid solution. However, nhase separation continues down to lower 
temperatures and on a very fine scale. Most feldspar crystals are complex intergrowths 
of lamellae with different chemical compositions and different structural states. 


The microstructure of feldspars and the structure and composition of individual lamel- 
lae record much about the thermal history of the minerals and thus about the evolution of 
the rocks from which they came. Although much has been learned about comnosition of the 
lamellae from electron microprobe studies, information on structural states has been dif- 
ficult or impossible to obtain. It is the purpose of the present paper to annly micro- 
Raman spectroscopy to the feldspar problem. Micro-Raman spectroscopy has the great ad- 
vantage that it can probe individual feldspar grains in a polished section without dis- 
turbing the microstructure, and supply the spatial resolution to discriminate between 
neighboring compositions and structural states. 


Experimental 


Figure 1 shows an optical diagram of the micro-Raman illuminator, the Spex MICRAMATE, 
coupled to a 0.85m double Czerny-Turner spectrometer, the Spex 1403. The MICRAMATE con- 
sists of a modified research-grade microscope that focuses the laser radiation onto the 
sample to a spot size on the order of 1 um, and the necessary optics to couple the micro- 
scope to the spectrometer. The resulting scattered radiation is collected back through 
the microscope objective and focused onto the entrance slit of the spectrometer. The 
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minimum spot size is achieved with a 40x microscope objective. There is also a 10x objec- 
tive for inital viewing of the sample. The spectrometer is equipped with 1800 groove/mm 
holographic gratings, and a Hamamatsu R928 multialkali photmultiplier detector. 


Interpretatton of the Vibrattonal Spectra of Feldspars 


The main features observed in the normal, macro-Raman spectra of feldspars are illus- 
trated in Fig. 2,.which shows a highly ordered low albite and two high sodium members of 
the plagioclase series. The spectra may be divided into three regions: from 700 to 1200 
em’, which encompasses the tetrahedral (T-0) stretching modes; the region from 400 to 
700 cm which includes the intense, sharp band at 510-520 cm‘; and the region below 
400 cm 

Unlike most other silicate structures, the T-O stretching bands of framework structures 
are very weak. They are sharp and weak in the albite spectrum. Here bands appear as high 
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as 1115 cm” due to the complete polymerization of the silica tetrahedra and in spite of 
mixing with alumina tetrahedra. The low intensity and low frequency are in accordance 
with a crude normal coordinate analysis of the framework structural unit.’ In the solid 
solutions, the T-O stretching region is smeared out and only a broad band is observed in 
the oligoclase and andesine spectra. s 

The strong bands at 515 and 485 cm are a mixed Si-O-Si (or Si-O-Al) bend/stretch. 
The mode would be a pure ether-like stretching motion if the interband angle were 180° 
(linear bridge) and a pure bending mode if the angle were 90°. Because the bond angle in 
feldspars averages about 140°*, these modes are of a mixed stretching-bending form. There 
is a pronounced broadening of these bands from the pure albite end member to the andesine 
solid solution. 

The low-frequency region contains complex motions of the tetrahedral framework and 
also motions of the large cation within their structural cages. Of interest here is the 


loss of detail that occurs in the spectra of the disordered solid solutions compared with 
the ordered NaA1Si,0,. 


Micro-Raman Spectra of Mixed Phase Feldspars 


Figure 3 shows Raman spectra of a microcline from the Wilcox Mine, Hybla, Ontario. 
Like most feldspars, it is perthitic; that is, it consists of intergrown lamellae of dif- 
ferent feldspar composition. Although the bulk composition of this specimen is a potas- 
sium feldspar, it is clearly phase-separated and the volumetrically small albite content 
is easily identified by the Raman spectrum of a 80 X 20um section (Fig. 3B). The nominal 
microcline (or amazonite), which makes up. the major portion of the sample, is a mixture of 
more highly ordered microcline and ordered aibite. The spectrum of a 120 x 60um region 
of microcline is shown in Fig. 3A. The slight variations in frequency positions for 
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Fig. 3. -- Micro-Raman spectra of microcline from Wilcox Mine, Hybla, Ont.: (a) microcline, 


(b) low albite. Measurement parameters: (a) specimen size, 120 X 60 um; power 25 mW (at 
sample); laser excitation, 514.5 nm; beam spot, about 2 um; integration time, 15 s; spectral 
resolution, 5 cm '; (b) specimen size, 80 x 20 um; power, 25 mW (at sample); laser exci- 
tation, 514.5 nm; beam spot, about 2 um; integration time, 15 s; spectral resolution, 5 cm. 
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these samples form those reported in the literature’ can be explained by differences in 
the bulk composition caused by different thermal histories. 

Thus, micro-Raman spectroscopy can clearly distinguish phase differences in a mineral 
specimen on the microscopic level. 
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RAMAN MICROPROBE MEASUREMENTS OF LOCAL STRESS IN LASER RECRYSTALLIZED LATERAL EPITAXIAL 
SILICON FILMS OVER SILICON DIOXIDE 


Fran Adar and Paul Zorabedian 


Raman microprobe measurements of stress have been performed on a laser-recrystallized, 
seeded, lateral epitaxial silicon film_on silicon dioxide. The direction-averaged, planar 
tensile stress increased from 1.9 x 10? dyn/cm? in the seed region to 4.7 x 10% dyn/cm@ 

in the silicon-on-insulator region at distances greater than 20 um from the seed/oxide 
boundary. Grain-boundary nucleation observed by optical Nomarski microscopy occurred 
approximately 11 um from the seed edge in this film. [Illumination of the sample by an 
unfocused laser beam revealed contour-like features that correlated with deviations from 
smooth variations in stress. Depth variations of the stress were observed by comparisons 
of measurements at 457.9nm and 514.5nm excitation wavelengths, from which it was inferred 
that there is relaxation of stress on the top surface. 

Laser-induced, seeded lateral epitaxial recrystallization of polysilicon films on 
oxidized silicon substrates is a promising technique for producing islands of single crys- 
tal silicon-on-insulator (SOI) for integrated-circuit device fabrication. In many appli- 
cations, the complete elimination of all grain boundaries from these islands is highly 
desirable, yet all published results show the development of grain boundaries at varying 
distances, typically 10-50 um, from the edge of the seed region. This distance depends 
on laser beam shape, intensity, scanning technique, and the substrate temperature. For 
given sets of conditions, however, we have found that the distance is uniform along the 
edge of the seed region to within +2 um. This observation suggests a well-defined mech- 
anism for grain-boundary formation. 

Pinizzotto and coworkers have proposed that stress causes the formation of grain 
boundaries.! Because mobility in n-channel MOSFETS has been shown to be affected by stress 
in recrystallized SOI,* studies of stress in laser-recrystallized lateral epitaxial SOI 
are useful both for an understanding of the basic mechanisms involved in the recrystalliza- 
tion and for process evaluation and development. 

The Raman spectrum of silicon is sensitive to the strain in the lattice and can be 
used to measure the stress in crystalline samples.°*" Recently, the Raman microprobe 
technique has been employed to map the local stresses in patterned islands of laser-crys- 
tallized silicon on bulk glass and in epitaxial silicon on sapphire substrates.°>® In 
what follows we report the first application of the Raman microprobe technique to the 
measurement of local stresses in the seed and SOI regions of lateral epitaxial, laser- 
crystallized silicon. 


Experimental 


The samples examined here were fabricated and laser processed at Hewlett-Packard Labo- 
atories. Polycrystalline silicon films 0.55 um thick were deposited by low pressure chem- 
ical vapor deposition (LPCVD) at 625°C on <100> silicon substrates on which 1.4ym-thick, 
480um square islands of Si0> had been grown by local oxidation of silicon (LOCOS). The 
islands were 260 um apart and had their edges aligned along <110> directions. A 6nm-thick 
LPCVD silicon nitride encapsulation layer was deposited over the polysilicon. The sub- 
strates were held at 500°C during recrystallization, and an 11W, 80um-diameter Gaussian 
argon-ion laser beam was scanned across the sample at 25 cm/s with a 10um raster step. 
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In the areas between the LOCOS islands, recrystallization seeded vertically from the 
underlying crystal substrate. The seed was pulled laterally over the oxide by the moving, 
molten-silicon zone under the laser beam. 

The Raman spectra were recorded with a Ramanor U-1000 double grating spectrometer, 
optically conjugated to a research-grade microscope attachment for focusing the excitation 
laser to a lum beam waist. A single objective served to excite the Raman signal and col- 
lect the scattered light which was imaged onto the spectrometer entrance slit. Laser 
lines at 457.9nm and 514.5nm from an argon ion laser were selected for excitation of the 
sample. The 6nm nitride encapsulation layer remained over the silicon film during the 
Raman measurements. 


Results and Dtscusston 


Spatially resolved Raman spectra were obtained at 1-5um intervals along lines perpen- 
dicular to the seed/SOI boundary extending from the seed region to a distance 20-30 um 
from the boundary in the SOI region. The peak frequencies of the Raman spectra were found 
automatically by the Raman system. The peak phonon frequencies for three sets of sampled 
points with 514.5nm excitation taken along different lines are shown in Fig. 1. The 
instrument could reproduce the Raman peak to 0.1 cm7!. The considerable scatter seen in 
the data greatly exceeds the instrument precision. However, the general trend is clear. 
The peak frequency decreases abruptly at the boundary and then continues to decrease 
gradually over a distance of approximately 20-25 um adjacent to the boundary. The peak 
frequencies were averaged for points in the seed region and in the SOI at distances >20 pum 
from the seed edge and fit to a linear function of position for points between those re- 
gions (Fig. 1). 

The peak frequency of the Raman spectrum corresponds to the frequency of the k = 0 
optical phonons in the silicon lattice. The changes in phonon frequency due to strain are 
derived from the dynamical lattice equations. To solve this problem, a model for the stress 
tensor is required. The form of this tensor is not known exactly for the laser-recrystal- 
lized sample, but we have assumed that the stress in the silicon is two-dimensional and 
isotropic in the plane of the wafer. 

In the backscattered geometry used in our Raman measurements, only the singlet phonon 
mode polarized perpendicular to the film surface is active under these assumptions. In 
this case, the relationship between plane stress and phonon frequency is 

(0, + oy)/2 = 2.49 x 10° Av dyn/em 
which is identical to the expression in Ref. 4 if the stress is assumed to be isotropic. 
This expression is used to convert the phonon frequencies to the stresses indicated on the 
right scale of Figs. 1 and 2. A calculation of thermal stress due to the heat cycle in- 
volved in laser melting and subsequent cooling to the substrate temperature of 500°C gives 
a value of 6 x 109 dyn/cm’, compared to the measured maximum stress of 4.7 * 10° dyn/cm 
at a distance > 20 um from the interface. Within the accuracy of the measurements, this 
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FIG. 2.--Phonon frequencies and stresses 

for two different excitation wavelengths 
along single line perpendicular to the seed/ 
Silicon-on-insulator (SOI) boundary. 


indicates that approximately 20% of the thermal stress is relaxed, possibly by viscous 
flow of the underlying oxide or by undercooling of the melt prior to solidification. 

In order to clarify the considerable scatter observed in the phonon frequencies (which 
was not instrumental), spectra at two excitation wavelengths, 457.9 and 514.5 nm, were 
obtained along the same track in the sample. The phonon frequencies and corresponding 
stress values are shown in Fig. 2. From silicon absorption at 457.9 and 514.5 nm and 
their respective Raman-shifted wavelengths,’ the ratio of Raman signal intensities from 
the back surface of the silicon film to those from the front surface are 0.13 at 457.9 nm 
and 0.37 at 514.5 nm. In addition, contributions to the signals from the silicon substrate 
are considered minimal because similar calculations show that reflectivity losses will 
decrease the substrate signal by an additional factor of 0.6. The observed smaller stress- 
induced frequency shift for the 457.9nm wavelength thus implies that stress relaxation 
occurs toward the top surface of the silicon film. This conclusion is consistent with our 
observation that the variations in the Raman linewidth measured at 457.9 nm are more than 
the linewidth variations observed with 514.5nm excitation. Since the linewidth in the 
SOI increases with distance from the boundary, it is implied that a range of phonon fre- 
quencies is being detected. 

Inspection of Fig. 2 indicates a point in the 514.5 nm data corresponding to 15 um 
from SOI interface that deviates from the others. This point was reproduced after the 
total set was completed and is therefore considered not to be an instrumental artifact. 
The micrograph shown in Fig. 3 was recorded under illumination of the sample by an unfo- 
cused laser beam. The origin of the contour pattern of the micrograph is not well under- 
stood at present, but the deviating point was recorded from the point denoted by the aster- 
isk, 

After the Raman measurements, the nitride layer was stripped in hydrofluoric acid and 
the sample was treated with Wright etch® to delineate grain boundaries. An optical Nomar- 
ski micrograph of the etched sample is shown in Fig. 4. The arrow indicates to within 
+5 um the line along which the points in Fig. 2 were measured. 

From previous transmission electron microscopy (TEM) , ? the observed line defects 
starting about 11 um from the edge of the seeding region are known to be low-angle grain 
boundaries with approximately 1° misorientation between adjacent grains. Note that this 


BiG. 3.--Optical micrograph taken FIG. 4.--Optical Nomarski micrograph of lateral 


from the ground glass screen of epitaxial silicon film (after chemical delineation 
the Raman microprobe illuminated of grain boundaries with Wright etch); arrow is 
with unfocused laser beam; spot over seed region with tip at seed/silicon-on-insu- 
indicated by * corresponds to lator boundary and points along line sampled in 
the anomalous point from the Figs Ze 


514.5nm series’ in Fig. 2. 
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distance corresponds to a change in the slope of the phonon frequency in Fig. 2. We 
conjecture that the change in stress gradient is associated with stress fields around the 
tips of grain boundaries. (The point in Fig. 3 that produced an anomaly in the Raman data 
did not correspond to any obvious feature in the Nomarski micrograph. ) 

Published data on yield stress vs temperature differ widely,!°-!% but the measured 
stress appears to be less than the yield stress at the substrate temperature during recrys- 
tallization. A linear extrapolation to zero stress at the melting point indicates that 
the film stress would exceed the yield stress for temperatures above approximately 1000°C. 
The production of defects with sufficient mobility to coalesce into grain boundaries would 
require a high temperature and is consistent with the appearance of dislocations near the 
grain boundary tips seen with TEM. 


Conelustons 


In conclusion, we have reported the first application of Raman-microprobe stress meas- 
urement to a laser-recrystallized, lateral epitaxial silicon film. The stress increases 
over a distance of approximately 20 um adjacent to the seed/SOI boundary. The highest 
stress is comparable to the calculated thermal stress between silicon and silicon dioxide 
resulting from differential thermal contraction between the silicon and the substrate 
during recrystallization. Relaxation of stress toward the top surface was observed. 
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RAMAN MICROSCOPY THROUGH TRANSPARENT MATERIALS 
D. R. Tallant, K. L. Higgins, and C. L. Stein 


Applications of the Raman microprobe have generally concentrated on exploiting high spatial 
resolution in the identification of small defects or particulates.! Raman microscopy is 
also ideally suited to examining particulates, defects, and inclusions that are under 
millimeter thicknesses of optically transparent materials because the Raman microprobe 
utilizes a focused optical beam and exploits 180° scattering geometry, and because micro- 
scope objectives of long working distance are commercially available. Of course the 
"window" material, in addition to being transparent, should be Raman inactive (such as 
sodium chloride) or weakly Raman active (such as many common glasses). 

This paper describes three applications of Raman microscopy to the study of particu- 
lates and inclusions under millimeter thicknesses of transparent materials. These appli- 
cations include the identification of particulates freezing out of silicone oil inside a 
device with a glass case; the identification of chromium-oxygen compounds in an air-sensi- 
tive mixture under a sodium chloride window; and the quantification of sulfate (S0O,7) con- 
centrations in brine inclusions in Delaware Basin halite. 


Expertmental 


The 514.5nm line from an Argon ion laser (Coherent CR-4) was passed through a line 
filter and into the incident illumination port of a Zeiss microscope (standard 20T) which 
had been modified (by Spex Industries) for use in micro-Raman spectroscopy. Scattered 
light collected by the microscope was dispersed by a double monochromator (Spex 1404) 
equipped with holographic gratings. Dispersed photons were detected by a photomultiplier 
tube (RCA C31034), counted by a photometer, and stored in a digital computer. The most 
commonly used objective was a 10x, 0.30 N.A. (numerical aperture) with a 4mm working dis-« 
tance, 40x objectives with numerical apertures of 0.95, 0.85, and 0.60 and working dis- 
tances of 0.09, 0.23, and 1.5 mm were also used. 


Identtftcatton of a Frozen Particulate in Stltcone O11 


An electromechanical switch, sealed in a glass case nearly filled with silicone oil, 
had been found to have intermittent high contact resistance when cooled below -20°C, At 
this temperature and below, particulates (typically several hundred micrometers in diam- 
eter) were observed to form in the "bubble" or void above the oil (Fig. 1) and were 
thought to be the cause of the contact-resistance problem. 

A silicone oil-filled device was cooled to -70°C in a refrigerator until particulate 
crystals formed on the void bubble, leaving the bulk silicone oil in a liquid state. The 
device was then immersed in dry ice/methanol in an insulated cup so that the top surface 
of the device was covered with a thin film of methanol. The bulk silicone oil in the 
device froze upon immersion in the dry ice/methanol. 

The entire bath was then placed under the microscope of the Raman microprobe and spec- 
tra were obtained by focusing of the laser beam through the methanol and the glass case 
onto the inside of the void bubble (Fig. 1). Spectra were obtained of a frozen particulate 
crystal on the void bubble (Fig. 2a), of an area on the void bubble containing no obvious 
particulate (Fig. 2b), and of the edge of the frozen particulate after some melting had 
occurred due to laser heating (Fig. 2c). All three spectra show bands due to the boro- 
silicate glass case and the methanol covering it. In addition, the spectra show bands due 
to frozen silicone oil and ice (3100-3500 cm7!). Note that the 3100cm-} band of ice is 


The authors are at Sandia National Laboratories (a U. S. Department of Energy facility), 
Albuquerque, NM 87185. Supported by DOE under Contract DE-AC04, 76DP00789. 
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FIG. 2.--Micro-Raman spectra of frozen particu- 
late and background inside glass case of elec- 
tromechanical device. 


highly polarized, which may account for the variation of relative intensity in the ice 
bands. Figure 2(b) shows relatively weak silicone oil bands, which are probably due to 
bulk silicone 011 below the void bubble. The band near 3400 ‘em! is believed to be due 

to a thin, highly oriented film of ice, which occasionally has been seen visually. The 
much greater intensity of the silicone oil bands in Fig. 2(a) compared to Fig. 2(b) sug- 
gests that the frozen particulate is a mixture of the silicone oil and water. Figure 2(c) 
suggests that the melting edge of the particulate crystal contains relatively more water 
than the bulk of the particulate (compare with Fig. 2a). The most likely explanation for 
the formation of the frozen particulates above the liquid silicone oil is a reaction be-~ 
tween water and the silicone oil to form a small amount of a silanol. The silanol then 
binds the water and the silicone oil into a mixture which freezes at a temperature between 
that of the water and the silicone oil. The results suggest that greater care is required 
in the manufacture of these devices to exclude water. 


Identifteatton of Chromtum Compounds tn an Atr-senstttve Mixture 


Certain types of high-temperature batteries use calcium chromate (CaCr0,) as the oxi- 
dant in a molten LiC1/KC] eutectic. A silica binder is also present. The Raman micro- 
probe is being used to identify the chromium species present after the battery reaction 
has occurred. This information helps elucidate the electrochemical processes occurring 
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in the battery and helps in optimizing battery performance. Since some of the chromium 
reaction products and the eutectic mixture are sensitive to moisture in the air, the sam- 
ples were examined in a special fixture consisting of a small aluminum disk into which a 
depression 0.5 mm deep by 3 mm diameter has been drilled. The reaction mixture is loaded 
into the depression in a dry atmosphere. Then a ring of vacuum grease is applied to the 
top of the fixture and a NaCl window is pressed over the depression to seal it from the 
atmosphere. Chromium-containing particles (identifiable by their color) are illuminated 
through the NaCl window by means of the 10x objective. Reference spectra of Cr(VI), Cr(V), 
Cr(iV), and Cr(III) species have been obtained to aid in the identification of particles 
found in the eutectic mixture. 

Figure 3 shows the spectrum of a chromium-containing particle in the eutectic mixture 
(sealed in the fixture previously described) obtained by use of the Raman microprobe. The 
broadest band in the spectrum is due to Cr(V), probably present as Cas5(Cr0,)3C1. Other 
bands in the spectrum indicate the presence of Cr(VI) species (probably CaCr0,,) which are 
intimately intermixed with the Cr(V) compound. Cr(III), Cr(1IV), and mixed iron-chromium 
species are also expected to be present in reacted battery mixtures but have not yet been 
detected. 


Quantification of Sulfate tn Brine Inelustons 


The Waste Isolation Pilot Plant (WIPP) is a proposed nuclear-waste storage facility 
intended to demonstrate the feasibility of nuclear-waste storage in bedded (geological) 
salt deposits. The facility is to be located in halite of Permian age from the Delaware 
Basin in southeastern New Mexico. A study of fluid inclusions in the halite was under- 
taken to determine whether the inclusions have migrated over geologic time and their rela- 
tionship, if any, to the large brine reservoirs found in the salt during preliminary 
drilling. Sulfate concentrations in the fluid inclusions in the halite were analyzed by 
Raman microscopy. 

Previous such analyses (e.g., Dubessy et al.*) took the ratio of Raman intensities of 
the sulfate v,; band to the v» bending mode of water as a measure of the sulfate concentra- 
tion. In this work we used the ratio of the intensity of the v, sulfate band (~ 980 cm” ) 
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to the v, water band (3400-3500 cm™!), whose greater relative intensity aided in the anal- 
ysis of very small inclusions. Standard solutions, containing 0, 1400, 2800, 4200, 5600, 
and 14000 ppm of sulfate in saturated brine (placed in a small beaker and illuminated 
through a covering sapphire disk) were analyzed. The sulfate concentrations relate lin- 
early to the sulfate/water band intensity ratios over the concentration range of the stan- 
dard solutions. Linear regression analysis yields the equation [S0O,=|ppm = 9.8 x 10+ (ra- 
tio) - 450 with a correlation coefficient of 0.99. 

The inclusions analyzed were found in halite core samples from 1100-4000ft depths. 
They ranged from tens of micrometers to 1 mm in size and also in depth below the surface 
of the halite. Figure 4 shows the sulfate concentrations of the inclusions as a function 
of the sample depth. 

The stratigraphic formations can best be volt with as three lithologic categories 
(Fig. 4): the Castile Formation, com- pee ea Ne ee 
posed of laminated halite (NaCl) - anhy- 
drite (CaSO:,); the Salado Formation be- 
low the McNutt Potash zone, containing | 
primarily halite with minor anhydrite 328 
layers; and the Salado Formation above 
the McNutt Potash zone, consisting of | 
massive halite. The sulfate concentra- 
tions in the Castile Formation appear 1088 
to follow a bimodal distribution simi- (2) 
lar to that found by Dubessy* for in- 
clusions in Keuper halite. By this 
analogy the highest sulfate concentra- 1588 
tion grouping (~ 10 000 ppm) consists 
of primary inclusions relatively un- 
changed from the primordial brine from 
which they formed; the lower sulfate 
concentration grouping represents in- 
clusions affected by fracturing and — 
annealing of the halite and possible 
chemical interaction with adjacent 
mineralogies. In the Salado Forma- 
tion below the McNutt Potash zone, 
there appears to be a local increase 
in the sulfate concentration, possibly 3028 
resulting from a cessation of anhydrite 
deposition. The sulfate concentrations 
in the Salado Formation above the 
McNutt Potash zone are consistent with 3588 
late-stage evaporative mineralization; 
the lowest sulfate values perhaps 
represent seawater from which virtually 
all sulfate species have previously 4008 
precipitated. The data appear to re- 
flect changing seawater compositions 
in the Delaware Basin over geologic 
time. Furthermore, they indicate that 4500 
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APPENDIX 
LASER MASS SPECTROMETRY OF SOLIDS: A BIBLIOGRAPHY 1963-1982 


R. J. Conzemius, D. S. Simons, Zhao Shankai, and G. D. Byrd 


The use of lasers as an ionization source for solid samples in mass spectrometry has pro- 
liferated in recent years. The main reasons for this increased attention are twofold--the 
availability of commercial instruments that use the laser as a microprobe, primarily for the 
analysis of inorganic species, and the increased emphasis in organic mass spectrometry on 
"soft" ionization sources for the analysis of thermally labile materials. The laser is unique 
aS an ionization source for solids because of the spatial and temporal characteristics of the 
laser beam and because the ionization mechanism can be altered by a change in the power 
density. 

The following bibliography is a best-effort attempt to include all papers published in 
the open literature through the end of 1982 where a laser is used as an ionization source in 
mass spectrometry for a solid-phase sample. It is organized chronologically by year, and 
alphabetically by first author within each year. A comprehensive cross-reference index by 
subject is included as an aid in locating references on a specific aspect of laser mass 
spectrometry. 
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